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ABSTRACTS

Differential cross-section measurements have been marle

of the (p,o) reactions on 23w",'7or, 5u*t and 59co. The

systematic use of the DWBA cod.eu ineorporating a finite range

correction (in the 1oca1 energy approximation) was developed,

Satisfactor,y fits and agreements between the theoretícal and

experimental spectroscopic factors \4rere obtained for the

(p,G) reactions on 23wu and 27i-t, 
l

A studyo based on a statisticaL model of nucLear re-
actions, has been made of the importance of this mechanism

in the emission of alpha parti-cles resulting from the bom-

bardment of 197¿r, with protons in the energy range 20-60 MeV

and of the importance of rnultiple particle emissi-on to the

theoretieal evaporation spectra for th-i-s reaction. The

experi-mental measurements were not found to be in accord,

with this mode1.



-L-

II,ITROÐU C î1ui,l

One of the objects 6r this work is to stucly the natur,e
of the mechanism for (pro) reactions on J-ight nuclei. f,revi-ous-
ly measu""r"nt"2) have been marie at this Jeboratcr",iz on 7"r, r?-c

and 19F. The concltrsion reached upon the anal,,vsis of that vrork

was a strong indicat i on of the preclc¡minant rore pla..ved b.v a
reaction mechanism consisting of three-nucleon pick-up. This
u/as jn agr€ement rvith (pro) measurements performed in other

55.58\laboratori es / at lor,ver proton energies. It is the intention
of thi.s work trt extend the ( pr0) reaction measurements to other
Largets in order to add more weight to this concrusion.

?wo other targets having the property like 19F, in
havine a strueture tvhich can be consiclererl as a core plus three
outer nucLeons sre 23N^ =20i[. cor.e+j nuc]eons and 27 el = 24wg

core +3 nucleons. Th.e shel1-¡nod.el configuration of these nuclei
are ',.,'ell known so that if the reaction rloes proceed by the
triton pick-up mechanism on€) can rearliì-,v make a comparison
tretv¡een the experi-mental and theoretical- specüroscopic factors,
Agreement woul-d tend to confj-rm the val-iriity of the assumption
of the pick-up reaction mechanism. The main possible competing
reacfion mechanism is i-ikery to be the knockout of a virtual
alpha (cluster) by the incid.ent proton with the resulbant cap-
ture of th-e latter into a bound state of the residual nucleus.
Unfortunately compari-ble theoret-ical calcul-atj-ons have not as
yet been macle. However, comparible carculations have been per-
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formed for (d,p) reactioo"TS) with the conclusion that the

contribution from the knockout mechanism was negligible in
comparison to the pick-up ( stripping) mechanism.

For these two targets then one would expecb reason-

able quantitative iits to the data using a three-nucleon

pick-up DWBA theory,

The second object of this work j s to study certaln

aspects of (pro) reactione where the final states are not r"e-

sol-vabl-e.

When a proton, having an energy of N5O MeV, strikes

a heavy target nucleug many processee can ta.ke place. Grazing

eollisions may result in the knockout or stripping of the

outer nucleons. As the collision distance decreases it be-

comes possible for the proton to be captured and be amalga-

mated. into a compound system 1n which the identity of the

method by which the syeten was formed is l-ost as the energy

of the proton is shared smong the target nucleons, The ener-

gy spectra of the emitted particles atre then usually delt with

in terms of the evaporation theory34 ), A comparison of the

energy spectra with the statistical evaporation theory can

then provide a check of the assumed. reaction mechanism. How-

ever for exci-tation energiee of the order of 50 MeV it is pos-

sible for more than one particle to be 'revaporated" from such

a highly excited compound. nucleus. In order to take account

of this effect a computor program, which can calculate the

emission spectra resulting from the evaporation of up to three
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particres, has been prepared44). To account for nultiple emis-
sion one must lnteg;rate over bhe energy spectra of arf the
parti cl es; that coul.d be emitted in each of the previous sta,ges.

rn prac.bice the ca.lculation e.a.n be done anal;,üically onì_y up

to about bhe ühird sbage on prese't day eomputors.

specif ical-ì-,y, the purpose of this work is to stucly
the importance of the compounrl nuclear evaporation mech_anism

to the observed alpha particre energ.y spectrum resulti_ng from
a )-0-60 lúev proton bombarcirnent of 197Au. rn adrìition we wÍrl
sturly the thecre tical ímportance of eaeh of the sr¡ceessi ve

ernissions l;o the alpha spectrurn.
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CHAPTEB I

EXPERTMENTAL ABRANGEMENT AND PBOCEDURES

1"1 The Cyclotron and. Beam Optlcs,

- The proton bean used to obüaln the results d.e-

scrlbed ln thls Ìqork was provlded by the unlverslty of
Manl to}:,a 42" sector-focussed. eyclotron. All neasurements

made use of the varlable energy facllltleso whereby one varles
the cyclotrons extracted. proton benm energy by sLmply movlng
the strlpplng fol1 to an approprlate rad.lus and azLrnuthal

- tlangle / so that the comblnatlon magneü (ad.Jacent to the
cyclotron maln nagnet) gulded the proton beam down a

fl-xed bean llne when the rnagnetlc fleld. was comespondlngly
ad Jus ted.

For the measurement of the 23**(pro)20tg. 
reactLon

the general beam layout conslsted. of a slngle stralght beam

1tn" 2) (Flgure 1.1) whlle for all our subsequent measurements

the bea¡n transport was as sho?Íu 1n r¡lgure r6u the chlef
d.lfference beLng the lnstarlatlon of a swltchlng nagnet
whlch ylelded a better energy resolutlon than vras pro-
vlded by the raw beam, Thls was obtalned through the use

of approprlate obJect and lmage srlts plaeed. respectlvely
before and after the snltchlng magnet"

Flgure 12 shows a serles of typlcar vlews of the
energy structure Ln the raw proton beam for varlous settlngs
of the maln nagnetlc f1eld" ThLs measurement was made by
obtalnlng a serles of curves, each comespondf.ng to a flxed.
value of the maLn magnetlc fleld, whlch rqere a measure of
the bean cumenÈ lntersectlng a flne probe placed. d.omjstreqm
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Flgure 1.1

Bearn Layout fo" 23N"(pro)20¡u" reactlon measurements
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Flgure 16

General Bea¡n Layout



t-

"ti"t* 
*'.o

a
n
-{

@I
o
Õ

tf
F

*i,+fi"

Fi g. 16

$'1
t

;'i'$i.'::î
d, l-***
) ", "", . 

",re

'jil:.'.-"
. ulLvE

:t"'"ttl.

;qlË
\þ
rY'
\\

tr\
\\.\

;"$li
cougLlNo



Îyplcal energy

-7-

Flgure 17

structure of extracted. proton
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of the swltchlng nagnetras one varled. the magnetlc fleld.

ln ühls swltchlng magnet" In effect we were uslng the

s¡rltchlng magnet as an energy analyzer of the raw bea¡n

and. measurlng the lntenslty ae a functlon of the energyo

0f course thls whole bea¡n stnrcture was also a functlon of

mar¡y other machlne parameüers but lt serves to lllustrate
the typlcal bean stnrcture one obtalns fron the cyclotron"

Clearly there exlsü values of the maln magnetlc fleLd. where

one obtalns a constd.erably smaller energy spread. ln the raw

bean, wlth most of ühe beam lnüenslty belng concentrated.

lnto a slngle energy peak. lttls polnt of the resonance ln

the maln magnet was the one whlch gave the best energy re-

solutlon of the raw bean a¡rd. correspond.ed. fo the settlng

used. for ühe 23ua(Þro )20N. measuremenü" It shoul-d. be

polnted out ühat Flgure 17 was mad.e through the use of the

swltchlng magnet whlch was 1nsüa1led. subsequent to the

conpletlon of the 23*"(nrc)20N" measuremento However, thls

bean characterlstlc had. alread.y been prevlously encountered.

by us ln earller measur"r"rrt" 2 ), belng observed. as energy

stnrcture tn rceLl separated gnound. state (p' o ) reactlonso

The preclse orlgln of thls bea.m süructure 1s st1ll unhtown'

but und.oubted.ly when eIlnlnaüed. w111 result ln substantlally

hlgher bea¡n currents belng transported. ührough the bean

transport system.

Wlth the ad.vent of the swltchlng nagnet one would.

expect, and. we d.ld. obtaln¡ the best bean transport through

the energy analysls system when one operated. ln the above mentlone
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uiode" under sueh elncumstânees one could expect between

10 - 20ß transnisslon of the beam from the strlpplng fol1,
through a palr of nlougap slLts and. an ul" d.lameter entran.ee

col-l-Lmator eLtuated ln front of the scatterlng chenrberu to

the Faraday cup plaeed lmmedlately d.ownstream of the Ll+"

dle"meter scatterlng ehaaber"

Typleel bee¡a currents Ln the Faraday Cup were be-

tween J0 and J00 nanoÊmperes" rn order to prevent the beam

enterlng the scatteri.ng ehamber fron havlng too large a
d.1vergenee ln the reactLon plane we placed. a carbon colllmator,
restrlctlng the beam to a 1" wld.th and. a 2" helght, at the

exlt poLnt of 'Lhe last palr of quadrupoles, Thls effectLvely
gave us an anguler spread of approxlnately r"Sou thus keepLng

fhe klnema'bl-c energy spread, due to thLsu negllglble ln
proportlon to the lnherent energy spread of the proton beam

eomlng from the energy analysls system" The loss ln beam

lntensltyu due to the l"nsertlon of thLe colllmator, was

usu.aI]-y negtrlglbJ-eu provlded one 'otuned" the optl-cs properl-y"

The bean spot slze at the üarget as observed. wLth

s zlne-eutrphåd.e screen and. ss measured. by the ,'butrt,o spot

0n the targeta ï.¡as generally found to be ,1n'Ln he1ght and

.2* Ln wtdth"

I*2 Egeïggglgg_gbeqÞer Fnd chelge coltect ,

Fl-guae L"J gtves a rough scale sketch of the

eestfe¡"1-ng ehamber used for arl the measurements presented

ln thl-s $¡orku xt conslsts basi-early of ¡nanually rotatable
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Flgure 1.J

Schenatlc sld.e-vlew of 14" scatterlng chanber
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top and botton platfoms on whlch are mounted the approprlate

detectors r,{hose nzeroo' angle was d.eterrlned by slnpIe optlcal
meaå6 as prevlously d.escrlbed. elsewhere 2) 

" The chanber

allgnment and rotatlonal axls accuracy wlth respect to the

beam axls have also been prevlously d.escrlbed. 2). The angle

of a d.etector assembly nounted on elther platfo:m could be

callbrated. and. read. out to an accuracy of t " 2 degrees,

Selectlon of any of the three targets whlch vrere mounted on the

target ladder, as well as lts angular settlng was d.one

slnply by the proper vertlcal placement and rotatlon of the

target rod whlch proJected. ouü through a vacuun seal ln the

botton of the scatterLng charnber, The colllmators placed.

lmnedlately ln front of the scatterlng cha¡nber served to re-
sfrlct the bea¡n spot on the target to an acceptable slze and.

conslsted. of a .1" d.la.meter beam Iiloltlng carbon colllnator
and a o 2'o d.lameter antl-ecatterlng colllmator"

The vacuum ln the chanber and. assocLated. bean

l-Lnes was malntalned. by oll d.lffuslon punp faclllt1es
whlch generally kept the pressure below 1O-5 mm of mercurye

Beam cuments, t¡tlcally around 100 nanoa¡nperes Ln

the Farad.ay cupu were measured and lntegrated. through the use

of a preclelon charge lntegrator whlch was per1od1cally

carlbrated uslng a hLgh lnped.ence preclslon reslstor
(approxlnately 10 negCI,) anA a stand.arrd. cell- (1"01859 volts)"
The correctlon to the calLbratlon never amounted to more than
-td
LFø
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1,,3 Beam Brer$y Cellbratlon"

Hrergy calrbratron proced.ures have ar-so been pre-
vLouely d.eserLbed 2) and. the technlque consl-sËed.u for our
worku ln the use of one of these method.s" ThLs ¡nethod corl_

sisted. of uslng sta¡rdard. alpha sourcea and. comparlng thefr
pulse helghts üo those obtaLned. fron the lzC(pno )9U*"r" re_
actlon measured- at angles of approxlmately 600 and. 1500,
KLnenatLc tables were then used. to oalculate the proton
êrrêTgÍe A pulser was used. to exËrapolate the energy
callbratlon we obtalned from the stand.ard. aJ_pha sour@es
(5"47? Mev alphas from 241an t 6,ot+7r8"??g Mev alpha fron
Th)' The reasons why we ehoose 12c were that the target ls
read.lly avaLlable (fn the fom of polyethelene) ana moreoves
the Q value ls hlgh1y negatLve (*?"SS MeV) so that the
energy of Èhe alphas from the l2C(pro) 9"r"g reaetton, i.n
the beckward engles u vrere not too far removed. energeÈleal_ly
from those obËalned. by the above etend.ard. alpha soureese
Èhus lendLng a greeter accuracy Èo Ëhl_s Ëeehnlque" The un*
eertalnty ln the energy callbration usf-ng the above procedu.re
usually amounted. to about t 300 KEV"

For those measurements where a srngre run on the
eyelotron d-Ld- not suffr.ee to complete an angular dr.strr_butfo::.
the energy was reprod.uced. (Èo ¡çlthln * 200 KEV) by usJ-ng

the s&rne varue of the magnetlc field (as determr.ned. by
Nuelear Magnetlc Besonance Measuremenüs) tn ttre swJ_tehlng

magnetn Thl.s proced.ure turned out Èo be exped.lent slnce 1t
requLred only & neasurement of the N"MuBo frequeney whlle
the correspond.lng bean energy eould be measured. at sone
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later d.ate o

1"4 @@.
Slnce the naxlmum energles that can be d.eposLted-

ln a 1 nn slllcon surface barrler d.etector are l-2, 16 a¡rd.

19 MeV for proton, d.euterons a¡rd. trltons respeetlvely and.

slnce the Q values for (po 3ge) reactlons on the nuclel

stud.led are approxlmately -11. MeV whlle ühose for (p'O )

reactors are approxlmately +1' MeV thls means thaü from a

practlcal stand.polnt one such slng}e detector could- sufflce

to stud.y the (p' O ) reactlons at least up to the flrst

10 MeV of excltatlon slnce no lnterference can take place

from the other reactlon prod.uctso

However lt was found. that the contlnued. use of the

partlcle Ldentlflcatlon system 3 ) used. 1n prevlous (p u o )

' 2\ -Beaaurement - 
' helped. reduce the background. 1n sone of the

hlgher exclüed. states (d.ue to the prepond-erance of slngly

charged. reactlo¡ prod.ucts) even though the partlcle ldentlfler
wlnd-o¡c rras set to reJecü only slngly charged. partlcles. A

d.lrect comparlson of resuLts obtalned wlth and. wlthout the

use of the partlcle ld.entlfler showed. the {l;!!grencg ln

overal-l d.etectlon efflclenoy to be less t}rran lft" The detectors

of the E +ÀE telescope system conslsted. of a¡r t-50¡:n surface

barrLer detector an a l- nm surface bamler detector,

A speclal case was the measurement of the
197gu(pro) reactlon where rúe vrere lnterested. l-n observlng

the alpha parüIcles havlng energles between 1O and, 40 MeV,

Thls requlred. the use of a thinner ÀE det,ector so as not
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t* eompJ-eÈei-;¡ e.bsorb t}:e aiplia partlcle ln thl-s energy

r"ânge and. th,¿s have the event reJeeted by the AE -E
eoS"netd"e:r*e rec¿ulrementu The S111eon d.etector of the re*

quåred thlekr:ess (JO¡:.mi was purchased. fron the Instltute
of }luel-ear Seienee in Jugoslavl-a" Tlrls allowed us to
ld.ent3-fy dor¡i:le cirargecl partloles d-own to alpha partf.cle

elrergles of approxlmateS-y ?T'leV" D.re to the sna1l si"gnal

l-ev'e1s lnvolved wLth the AE d-eteetor the pLck-up of
eleetronLe noLseo espeetally from relay signal orlglnattng
tltt"oughout tl'le cyelotron l-nstall-at1on, presented nany

d.lf,fteultlesu In fact over jAfi of the events recorded. d.uring

1nltl.al aeasurements of Èhe (pne) reactLon on l97dr eüere

traced. to su.eh eieeûrl-eal plck*üÞn WLùh approprlate ground*

lng of sS.gnal eables and. fllterlng of relay nolse thLs

pr*blem reas ellminated to a poånt where Lt made a negllg1_'ble

eo;rtrl?ru.È1"on to the measured. alpha partlcle energy spec'bm"un"

To ensì.tre that we hed. cllmlnated. ûhLe problen we made the

ldenÈi-eal- neasurerrent sçLÈh e bLank target frame"

i 
" 5 E1sç.&ro"g!l-q.g,

Short lengths of 1ow eapaclty cable eonneeted ùh*

d-etector to the charge sensi-tlve Tennel-Iec 1008 preampllfÍeru

whlle 75fL eableu termlnated ln the oontrol roomu eonneeÈed-

'bhe preenpller ou.tput to the Berkeley 11 x 1pB2-B-14

( OBTEC MOÐEL 220 LTNLAB PULSE AIVAÏ,YSTS SYSTE}Í EQUTVALËNCE }

.amplif,3.ers' The analogue eLrouLtry prod.uced the partf cl-e

i-åen'bi-fLeatlon si.gnal whleh was used to gate bhe summed.

energy from the E and. AE deteetor tnto a 4O96 CHAÌ{NEL
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NUCLEAB DATA purse-he1ghü analyser operated ln the 4 groups of
1024 chan¡rel modeo

A block dlagrarn of the clrcultry ls shown 1n

Flgure 1.4 whlle one g1vlng more d.etall 1s shown ln Flgure r.J,
Lt should. be re¡narked. tlnaþ the pre-anpllflers have accounted.

for the naJorlty of our erectronlc problens, ma1n1y on account
of thelr susceptlblllty to rad.latlon d.amage. prea.npllflers

lncorporatlng penüod.es Írere especlally sensltlve so we

flnally settLed for ühe trlod.e based. Tennelec l_ooB unlts.

L6 largets.
A) 23ua

Thls target was prepared. by presslng a pellet of
natural sod.lun netal between two süeel plates, one of whlch

had a n1d.e grove machlned. üo a d.epth roughly comespond.lng

üo ühe d.es1red. target ühloloresso Ttre plates rúere flrst
covered. wlth a thln layer of slllcon vapuum gsease. The

pellet was then placed. between ühe plate and. a pressure be-

tween 2000-600 o Lbs/Ln 2 apÞLred.. The plates !,rere separated
whlle lmmersed. und.er kerosene. The target was then brlefly
washed. ln benzene and nou¡rüed. on a target franeo tlhlle stl1l
wetrühe target,was mounted. on ühe targeü lad.d.er and the
scatterlng chanber prompüIy' evacuated. The target oxld.atlon
was thus kept to a mlnlnr¡m. fn ar¡y case, any oxld.atlon that d.ld.

occur was not d.efrlmenüaL to the ground state (pro) neasurement

slnce the e varue for 23N"(pro)20N"n.6 ls + z.3??Ìtlett wh1le
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Flgure 1.4

General Block Dlagram of partlcle rdentlflcatlon systen
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Flgure 1,5

Dlagrarn of Partlcle Id.entlflcatlon SYstem
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ühat for 160(pro)t3"*.s 1" -5,2L8 Mev. The angular klnenatlc

varlatlon lncreases thls separaülon. A slngle target of

about ?,5 mg, .^-2 thlck was used. to obtaln the entlre angular

d.lstrlbutlon whlle t¡vo separate 23Nt targets, harrlng measured.

thlcknessess of 7.L5 a:ld 9"8J mg, 
"Á2 

n"r. used. to normaLlze

the d.ata at 30o anA 50o. The latter targets were prepared.

by rolllng, whlle covered ¡rslth kerosene, lnstead of presslng

slnce 1ü was felf these would be more unlforu ln thlclarêssn

Ttretargetth1c}¡ressv¡asmeasured.us1ngaprec1s1onm1crometero

An error or I Iofi was asslgned. d.ue to target non-unlfozulty" :

B) 27Ar

A self-supportLng a1r.rmlnlr¡m fo1I !.fJ mg, "^-'
thlckr âs measured. by welghlng a lnrovm area, was used. for
the z? n(prc )'4ru reactlon measurementsn uncertalnty 1n

the thlcloress d.ue to non-unlfomlty was estlmated. to be t ?%.

c) 5t*l.

A self-supportlng, lsotoplcally enrlched. (gg,g|ft)

nlckel foll purchased. from 0.B"N.L. ¡ havlng a thlchress of
L.oz ! .04 mg. .^-2 was used. for the 58ur(pro )55co reacülon

measurelnentsn TLle rBeasuremenü of lts ühlclnress was a r€-
sult of an average belng üaken between the value as obtalned.

by welghE/area and, that obüalned from range-energy relatlon-
shLp uslng the energy loss Buffered. by alpha partlcles of 

,,

known lncldent energles whlch have traversed the target.
The flrst nethod lleld.ed. T = 1"04 1',02 rg. "^-2, Ttre second

nethod, whlch mad.e use of the 6,047 and. 8"??B MeV alphas

from a fhorlun source yleld.ed. T = 1, 01 1, 02 mg. 
"^-2
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Ït seems Blorthwhlle to dese .rj-be the lettùr lr,,:ì;h';¿j-

ån m*re detal1" The technlque we,s as foil_+i+sc

1) The alpha source was plaeed. l-n the evaena..:,.ì"

scafterl_ng chamber-dl_agonali_y' opposlte .be, To.:* .r_.._

teetor" [.Ji-th a blank target fx.ane we re*äJ'fiÊri. i.,ire

voltage v1 and. v2 of the pulser {whreh wsrs fed. i.lr",ra
the "tesü" lnput of the pre-ampLl.fre::) ths-8. (:i,3r:iì"';f,*,

pond.ed. to the same cha¡rnel number of -bi"le p",iI""{}.., ¿*r*

those produeed by the 6"Ot+7 and g,??g l,{e.'f *._ip.has

respectlvely"

11 ) By the technlque d.eserlbed ln reference ? gs Õå',::t

use v1 and v2 to determlne the dead. iayer': htlå*}r:u.tss

of the face of the d.etector" cal-l Ë}rås rlead. li:;ç.*.r.

ühLckness Ð mg" .^-2u Hence V1 and. \rr re.ål-i.Ì¡

comespond to 6"04? - (#)¿oorÍIe\r and B,??* i;Ti¿t,,,' ri.,.',¡

nespectlvetyu ¡¡here ($$)"o t" the ener:g;î¡ 1oss
.H1

suff,ered by ar: alpha partS-ele of enez.gy E* t3,"al¡*,rsl.i,rg

D mg, crn-2 of slllcon"
111) bllth the target ln the sane locatlon as when Ðhe

actuar angular dlstrlbutlon was takeno Bo ilaai; j;he

alpha partLcles woul_d üraverse the s{åae s3:ti.c

bombarded by the proton beamr w€ agaln re*.orc¡" tï:e
pulser voltages vi and vi whlch overlap ti"¡e1r., ::.€i:iper*

tLve alpha peaks 1n the p"H.Ao

:Iv) Assumlng pulser llnearlty and. that the l.trsertlon
of the target does not slgnlflceritly efjerìge (d$./,ixj;;;-

(1n other worris we only make a fåræ"1. *rcter c,.ú:,,,:,-,i]-:.ì.;:r_,:ìi.ì



-20-

for D) then from VI - vi ana vZ - v) we know the

energy loss for both the 6'047 an¿ 8"778 MeV alphas

when they traverse the targeü. From thls we can

readlly extract the target thlcloless.

Sllght rotatlon of the plaüfotm on whlch the alpha

source ÌIas mounted., as well as vertlcal d.lsplacements

of the target ladd.er allowed. us to "scatrl" varlous

locaülons of ühe target. Varlatlons ln energy losses

erere easlly d.etected. and. for our Nl target a¡nounted.

to t 4ft anð, accounted. for nearly all the emor ln

the thlchress quoted. for ühe 58Nr target.

D) 5g co

A seLf-supportlng oobalt folI, purchased. from

0.R.N.L., havlng a ühlcloress of 2.oo 1 '20 mg. .^-2r &s

d.etermlned. by weught/area eras used. for the 59co (pr@)56n"

reactlon measurement.

E) ].97 eu

Inltlal (p'O) measurements were mad.e uslng 20O
õ

ug!r. Gm "Eastlngs" 23K Gold Leaf. The resultlng aLpha

partlcl-e specüra toere hlghly unsatlsfactory¡ there ÏIere too

many 1ow energy alpha partlclesr ¡qh1ch was lnd.lcatlve of

a lour Z lnpurlty ln the target. An anaLysls of the target,

uslng X-ray phosphoreacence technlques lndlcated. the presence

of lnpurlüles ln reglon of Z = 4l t t, whlch we attrlbuted.

üo Ag conüamlnatlonn Flgure 1.6 shows the resulüs of the

target analysls by comparlng ühe X-rays observed. from the

Gold. Leat a¡rd. ühose from a sanple of srtver.a)

v)
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Flgure 1. 6

characterlstlc x-ray spectrrrn resurtlng fron
lruadlatlon of target folls wlüh standard x-ray soureeso
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Use wae ühereafter made of a 99.9% pure Au folI

whose thlcloress, as dete:mlned. by uslng alpha sources (see

sectlon 1.6c) was ?.8 !.5 mg. or-t.

I.7 '
The relatlonshlp between the dlfferentlal eross-

sectlon (aa /an) LABr the nr¡nber of d.etected. evenüs Np, the

number of protons Nn whlch üraversed the target, the solld

angleflsubtend.ed. by the d.etector and. the nunber of atoms/

"r2 "" seen by the lncld.ent proüon bean ls glven by

No hence

Ne

#JJ)
whlch for an Lsotoplcally pure target becomes

/ ¿a \a-l .=
\ drr /¡69 (ruancour-) (rZs¡n e)O

A No þst, ¡õ' ) ¡r.b lsl er

where T ls the target thlchress ln mg. " 
-28t" the angle

of the target wlth respect üo the bean axls (nornally 90o ),

fù ls the eolld angle, ln sterad.lans, subtend.ed by the d.etector.

NAI{COUL ls the charge collected ln the Faraday Cup (measured

ln nanocoulonbs) a¡rA A ls ühe atonlc welghü of the target.
The converslon facüore ¡rhlch change (dq/d.n)LAB to (døldn)".r.

and.9¡g3 ùo 8".r. were taken from tables ¡,¡hlch were conpll-ed

uslng a relatlvlstlc klnenatl" p"og""r.t).

Ne(Arqus)-c¿

/¿o\ =
\ do /,oo I-Aç *oionr\ I ø.ozx ¡o23x ¡õ3 r nuctei

\ t6ozFgiã-n"*¡/ \-Cnf mõlã
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The normalrlzatlon of the L97au(pro) reactlon de*

serves some speclal attentlon slnce lt dlffers from the ,cther

reacülons ln that we were not lnterested Ln the d-lfferentlal
cross-sectlon for a reactlon lead.lng to a d.Lscrete state but
we were now lnüerested ln the d.lfferentlal cross-secLl_ori

leadlng to a certaln "energy band " 1n the alpha partlcle
spectrurn- þhat ls we wanted. to d.etenntne a?o/(dndE)

The energy scale of the observed. alpha spectrum

was establlshed. by several callbratlon polntsr the 6.047 mev

and. 8 "778 Mev alphas from the Thorlun source and. forv¡ard.

angle measurements of tte 12c(prc)98 
""r"tlon lead.lng to the

ground. state" The resultLng energy scale was also correeted

for energy losses d.ue üo target thLcloress effect"
The data was record.ed. uslng r0z4 channels across

the energy spectnrm, but slnce thls resolutl-on vras not re-
qulred- the raw data was later J.ntegrated lnto sectlons 6

channels ln wld.th by uslng the p,D"p -9 computor rqhlch also
plotted and typed out the numerlcal values of the reglon
of lnterest' Each poLnt of thls "smoothed" spectrum was

then separaüely norrallzed. and. comelated. to an energy, to
yle1d a ploü ot a?o/(dfld.E) vs E. The area of thls curve
(as measured- by sunmlng counts ln all cha¡rnels) yleld.s
(dc/dtt) whlch was used. for a comparlson wlth the theoretlcal
value obtalned. fron the StatlsüLcal Mod.el program.
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CHAPTEB TI

EXPERTI{HIITAI RESULTS

2i 202,I -Na( p,0 ) 
- -Ne

rhls dlfferentlal cross sectlon was measured. every
2.5o beüween 160 ana B5o""rn and. every 50 from g5o to t64o^ -.CeIBE

uslng a proton beam energy of 45,5 ! ,5 Mev" The e value
for thLs reâ.ctlon ls +2" i?74 Mev" Because the target was

qulte thlck and the proton beam quallty rather poor, prlor
to the lnstallatlon of the bea¡n analysls systemu only the
ground state angular dlstrlbuülon was obtalned" Flgure z,!
shows the energy spectmm obtalned. for 0, = 30ou whlle
Flgure 2"2 and rable z,r show the angular d.lstrl-butlon of
the ground staten Errors shown are those due to statr.stl_cs
only and, negrect the overall normallzatlon error of Lo%,

d-ue nostly to the uncertalnty ln the target thlckness"

z" z 27 tt (p,0 )24*u

Thls reactlon has prevlously been reported by
shkolnlck and. lttntz 5 ) at 39.1 {ìev and. by s" Mlcheletfi. 6)

at 38 Mev" Both sets of measuremenüs showed rather poor
statlstlcs and were conflned üo forv¡ard. angleso our
measurements were taken every z.50 between 19o an¿ 9oo è"r.
and- about every 1oo between 90o ana 160ocorro, usLng a proton
beam energy of þt,3 ! "J Mev" The e value for ùh1s reactlon
l-s + 1"6014 Mev" vJlth the excepüton of the doubret at
4'12-4"24 Mevu all- the levels up to 6"0 Mev were suffLclently
urell resolved to obtaln complete angular d.isürlbutl_ons"
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Flgure 2,I
for the 23N^(prc)Zotl" Beactlon
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Table 2.1

labulatlon of Ground. State Angular

Dlstrlbuüion of the 23ua (pro)20¡t" reactlon



'3Na (p,o)t oN.G. 
s.

p = 45.5 t .5 MeVE

e c.m.
( des .)

do / dn Error
(ub/s t) (ub/s t)

0 c.m.
(des.)

dol df¿

(ub/st)
Error

(ub/st)

76 .4
19. i
2T. B

24 .5
27 .3
30. 6

32.7
35 .4
38.1
40 .7
43 .4
46 .1
48.8
51.4
54.1
56 .7
59. 4
62 .0
64 .6
67 .2
69.8
72.4

82. I
7 8.5
63. 5

54 .7
32 .4
35.8
25 .3

t9.73
i3.95
72.72

9 .57
10 .62
8.87
9 .32
8.01
7 .23
6 .45
6.00
4. BB

4.28
4 .19
3.78

4.0
z.t
3

3

I.?7
2

t.4
0.6
0.65
0.4
1.3
0.4
0.35
0.3
0 .22
0.23
0 .29
0.3
0.16
0 .23
0. i6
0.16

75.0
77.6
80. 1

82.7
85 .2
90.3
95.3

100.3
L05 .2
110.1
i15.0
119.8
t24 .6
I29 .4
t34.r
138 .8
143 .4
148. i
t52.7
L57.2
161.8
i64.1

2.98
3.08
2.86
2 .24
2 .16

t.82
i .80

f.i3
f . i5
0. 583

0.584
0.484
0.526
0.488
0.436
0. 310

0 .347
0.166
0. 182

0. 183

0.296
O .17I

0.15
0.2
0 .22

0.13
0.15
0.2
0.2
0.2
0" 1

0.08
0"08
0. 05

0.063
0 .07
0. 08

0. 09

0. 048

0.04
0.04
0. 06

0.05
0. 04



_27 -

Flgure 2.?

Angular dlsürlbutlon of ühe 23N* (p,c)to*"*., reactlon
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A 11nlted angular d.lstrlbuülon for the 7,5 YIeY leveL was

also obtalned..

Flgure 2.3 shows the energy spectn:m of alpha

partlcles enltted at 3Oo from zTgL Flgure 2,4-2,6 and-

Tables 2,2-2.4 show the a¡rgular d.lstrlbutlons for these

level-s. AÍr overall no¡mallzatlon error oî. LO%, d.ue nalnly to

target thlcbress uncertalntles, has agaln been neglected.

2.3 58ui ( p,a')S,co

Thls reactlon has been prevlously measured by

Cavanagh et aI . 7 ) 
"t Ep = 50 MeV betr¡een angl-e IO-3OÎ,AB

arrd. by B. Sherrl4) for En = L?,5 MeV.

Measurements of thls reactlonr uslng a proton energy

or 4t,3 I .3 MeV, were taken at lntervals of 2,5o between

1Bo and. g23,vt a.nd. at 50 lntervals for the backward. angles.

îhe Q value for thls reaetlon 1s -L,3498 MeV, Only the

ground state angular dtstrlbutlon was extracted. fron the

rarv d.ata d.ue to d.lfflcu1üles ln clearly separatlng the other

states. The energy spectnrn obüalned. at 0, = 25o ls shown

ln Flgure 2.7 , whlle Flgure 2.8 a¡rd. Table 2.5 gtve the

ground. state angular d.lstrlbutlon. Agalnr only staülstlca1

errors are lnd.lcated., leavlng ouü an overall norrallzatlon
error or t 6fr of whlch ! ,rft ls d.ue üo the target thlclaress

uncertalnüy.

2"4 59"ob 
,d )56p" Q = *. ii63 YIev

thls reactlon has been measured by a Rutherford

Laboratory Linear Accelerator g"orrpt) with En=50 MeV. They
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Flgure 2.3

Ðrergy spectn¡m from 2?x (prc')'4*u, Reactlon
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Figure 2.4

The 27 l"t(prd) 24]Mre angular dletribution leadlng to the

Ground state and first excited etate of '4**.
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Flgure 2,5
27 ?t+

The A1 (p,C[) ¡tS. Angular dlstrlbutlons leadlng to the
2l+

4.12-t+,21+ meV d.oublet and the 5.22 I{eV levels of Mg.
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Flgure 2,6

The '7 n ( p ro ) 
t4r* 

Arrgular d.lstrlbutlons lead.lng

üo the 6.0 MeV ar¡d. 7.J MeV levels ln '4**,
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Table 2,2

Tabulatlons of the 27/lt(pro 
)24yr* angular dlstrlbutlons

lead.lng to the ground. and. flrst exclted. state of '4*u,



" A1(p , e) 2 hMg
p = 4I.3 r .5 MeV

E.*. - 0 MeV
exc = 1.37 MeV

A"c.m.
(deg.)

do ub
ffi.. r. ff

Error
irb/st

0..r.
(deg.)

do
¡-n c. m.

E rro r
ub/s t

Ëqst

18. 9
21.6
24.2
26 .9
29 .6
32 .3
33 .7
34.9
36 .4
37 .6
40. s
42 .9
45 .6
48.2
49.8
53.5
56. i
58.7
61.3
63.9
66. 5
69. i
7 r.7
74.3
76.8
79 .4
8i.9
84. 5
87 .0
89.5

104.5
1i4.3
123.9
133.5
742.9
16 i.5

2r.14
19.03
14.i5
15.08
8.29
6 .67
5.30
4. 89
3.74
3. 46
3.80
3 .82
3.81
3 .44
3 .62
3.74
2 .57
2.23
1.33
I.22
0 .867
1. 19
0.863
0.724
0.787
0 .657
0.668
0.653
0.476
0.472
0 .220
0.230
0.0963
0. 109
0.0980
0.0403

1.51
1. 43
L.L7
1.25
.92
.58
.51
.98
.49
.40
.29
.4t
.29
.37
.30
.38
.26
.2?
.23
. i8
.t4
. i3
.135
.07 5
. t28
. r07
. i 15
.09
.086
.07 4
.06
.06
.06
.07
.06
.02

18. 9
2I .6
24.2
26 .9
29 .6
32 .3
33. 7
35 .0
36.4
37 .6
40. 3
42.9
45 .6
48. 3
49.8
53.5
56. 1

s8.8
61.4
64.0
66 .6
69.?
7t.7
74.3
76.9
79.4
82.0
84. 5
87 .I
89.6

i04.5
i14.3
t24.0
133.5
143.0
161. 6

81.5
71.4
60.0
54.0
35. 8
29 .2
21.6
20 .7
19. 3
18.75
i6. i
16 .4
16.5
75 .4
13.4
13.4
9.27
8.67
6.11
6 .76
5.85
5. iB
4 .25
5.34
3. 85
3.69
2.53
2.96
1.96
2.70
L .22
1.24
.477
.485
.228
.07 2

3.0
2.8
2.4
2.4
1.9
L.2

oÂ

2 .01
7.12
.93
.61
.86
.6
.78
.57
.72
.47
.44
.48
.4r
.38
.25
.30
"21
.28
.25
.22
. i9
.17
" 16
.12
"17
.12
.12
.09
.08



fabulatlon of

lead.lng to Ëhe

-)4-

Table 2,3

the 27 tt (p,o ) 'u*u angular

4,I2 - 4^24 d.oublet and.

of 'or"

dls trlbutlons
tJ:e J.?3 l,t|elt states



27Al(p,o)2aMg
p = 4I.3 t .5 MeV

tr-
L- exc (4.t2-4.24) MeV E.*. = 5.228 MeV

oa.t.
(des.)

do ubffi..,n.r i;i3i
do ub
dCI..*.tt

0 c.m.
(deg.)

E rror
ub/st

iB. 9
2I.6
24.3
27 .0
29 .7
32.4
33.8
35.i
36.5
37 .7
40 .4
43. 1

45.8
48.4
50.0
53.6
56.3
58.9
61.5
64.r
66 .7
69. 3
7r.9
74.5
77.t
79.6
82 .2
84.7
87 .2
89 .7

t04.7
114.5
t24.L
133.6
143. 1

161 . 6

42 .7
37.8
36.3
36.5
30.4
31.1
?3.5
25 .2
23.0
20 .7
17 .2
16.1
13.9
15 .2
11.6
9.8
7 .95
7.63
6.40
5.74
5. 13
5.91
5.12
5.35
4 .67
4.7 4
3.8
3.75
3.15
3. 15
t.7r
1.43

.88

.76

.52

.51

2.1
2.0
1.9
i.9
1.8
1..2
1.1
2.2
1.2
?.5

.6

.8

.54

.8

.53

.33

.53

.4

.49

.38

.35

.27

.33

.22

.31

.28

.27

.25

.22

.19

.14

.14

.10

.72

.07

.07

19. 0
2L .7
24.3
27 .0
29 .7
32.4
33.8
35.1
36.5
37 .8
40. 5
43.1
45 .8
48. 4
50. 0
53.7
56.4
59.0
61.6
64 .2
66. B
69 .4
72.0
74.5
77.t
79.7
82.3
84. 8
87 .3
89 .8

104. I
i i4. 5
t24 .2
L33.7
143.1
161.6

8.1
6.3
5.05
5.7
4.95
3.54
3.13
4 .02
2 .21
2"54
1.80
1.40
1.68
1.65
1.69
1.70
1.50
t.74
1.08
r .46
I .29
r .07
.93
.92
.82
.94
.84
.86
.51

i.00
.46
.32
.2?
.37
.20
.20

o

.8

.71

.7 4

.69

.42

.39

.88

.38

.33

.20

.25

.18
"25
.20
.24
.20
.19
.?L
.20
.18
.11
.14
.11
.13
. i3
.13
.10
.09
.11
.09
.08
.09
.10
.16
.14
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Table 2.4

Tabulaüton of the 27at(p,c)'4*u angutar dtstrtbutlon
leadlng to the 6.00 MeV and. l,J IIev states ln 'U**.



"A1(P,a)'*Mg E p = 41.3 t .5 MeV

E.r. = 6.00 MeV E.*. = 7.5 MeV

0..t.
( deg. )

do ubæ- sTc. m.

Error
ub/st

0.. *.
(deg.)

do ub Errorãl..r.F ub/st

19.0
?I.7
24 .4
27.r
29 .8
32.5
33.8
35 .2
36.5
37 .B
40.s
43 .2
45.9
48.5
50 .2
53. B

56.4
59 .0
61.7
64.3
66.9
69 .4
72.0
7 4.6
77.2
79.7
82.3
84. 8
87 .4
89.9

104.8
114 " 6
r24.2
133.8
r43.2
161 .7

16.00
16.17
1r.37

9 .32
9 .85
B. 63
6.93
6.56
7 .89
6.05
5.66
5.35
4 .24
4.14
3.77
4.09
2.77
3. 19
2.55
2.35
2.3L
2.80
2 .20
2 .56
1.36
1.98
1.43
L .47
1.19
1.14

.77

.62

.64

.47

.48

.38

1.3
1.3
L.7
.98
.99
.66
.58

1.1
.7t
.52
.36
.49
.30
.4L
.30
.40
.27
.26
.31
.24
.?4
.19
.2t
.15
.17
.18
.t7
.14
.13
.13
.15
,L2
.13
.09
.10
.08

19.0
2L.7
24 .4
27 .7
29 .8
32.5
33.8
3s.2
36.5
37.8
40.5
43 .2
45.9
48. 5
50 .2
53.8
56.4
59.0
6I.7
64.3
66.9
69 .4
72.0
74.6
77.2
79.7
82.3
84. I
87 .4
89 .9

49 .5
4 i.6
42.5
38. 1

34.7
35 .2
32.6
26.9
30.3
28 .2
79 .7
20 .3
18.5
16.0
14.0
i5.0
14.76
16.04
L4 .40
i4.38
11.78
1i.58
8.09
7 .49
5. 10
5. 75
5. 40
6 .02
5.31
5.88

4.5
4.0
4.0
3.2
3.5
2.4
2.8
3.1
2"7
?.0
1.8
1.6
1.6
1.1
i.3
1.1
L.4
1.1
1.2
1.1

.94

.73

.73

.48

.66

.53

.60

.58

.50

.44
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Ðrergy

reactlon

Flgure ?"7
spectra for the 58*r(pro'l55co

measured wlth 41,3 MeV protons
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Flgure 2.8

tbutlon rot 58mt (p,o'l55co ground.

staüe reactlon
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Table 2"5

Tabulatton of the 58mr b,a)55coc.sArrg*Lar dlstrlbutlon



utNi(p,a)ttco'.s.

p = 41.3 t .3 MeV.E

oa.r.
(deg.)

dol da

(ublst)
Error

(ub/st)
oa. r.
( deg.)

dol da

(ub/st)
Error

(ub/s t)

18. 1

19 .7
23 .3
25.9
28.5
31.0
33.6
36.2
38 .8

41.3
43.9
46.5
49 .0
s1.6
54. 1

56.7
59 .2
61.8
64.3
66.9
69 .4

123 .0
115.0
99 .6

103.5
86 .3
74.3
75.2
47 .6
35.8
28 .2
19.5
15. i
10.5
9. 88

7.77
8.6i
9.68
7.1.2

6 .37
4.92
4 .07

3.9
4.3
3.6
3.5
3.5
1.5
0.9
1.4
1.0
0.9
0.7
0.7
0.5
0.51
0. 46

0. 41

0 .47
0. 40

0. 33

0. 34

0. 20

7t.9
74.5
77.0
82.0
87 .I
89. 6

92. L

97.r
102.0
107.0
111.9
116.9
121.8
126 .7
i31. 6

136.5
141.3
L46.2
151 .0
160. 7

3 .22
2.72
2.24
2 .39
1.98
1.01
1. 157

0. 610

0.536
0.225
0. 138

O.TB2

0.0679
0. 0968

0.1865
0.0983
0.0781

0 .07 07

0.t774

0.20
0.i4
0. 16

0. 14

0. 14

0 .12
0.128
0.084
0. 098

0. 053

0. 038

0. 041

0 .0256
0. 0365

0.033
0. 049 1

0 .4?.9 4

0.0315
0.059i
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found- the ground. state d.lfferentlal cross-sectlon too s¡1aIl

to extract an angular d1strlbutlon. they d.ld-' howeverr glve
O^

a ll¡rlted. (f O-- 30;,AB) angular d.lstrlbutlon, wlth poor

statlstlcs for the 3,5 lvte:V 1evel ln 56Fe'

Ide measured. thls reacülon uslng a proüon beam

energy of 41. 3 ! .3 MeV at a¡1gular lnüervals oî 2"Jo between

1Bo arra ?42.*., The more back¡vard. angles were not measured.

d.ue to the extraordlnary l-ength of tlne that would be re-

qulred wlth the beam currents ava1lable ln the Farad.ay Cup

( approxlnately 200 na¡romps ). For exa,m'le, the measurement

aþ 7Oo 1ab prod.uced. only 6 counts / ]¡¡t, to the ground. state

of 56F""

The ground. and flrst two exclted' states were

sufflclently well resolved. to obtaln ühelr a¡gular d-ls-

trlbutlon. A level near 3,5 YIeV was also observed and. due

to 1ts rather large cross-sectlon the correspond-lng angular

dlstrlbutlon was also exüracted.. Thls hlehly populated

leve1 has been prevlously observed. 7) and our measuremenüs

are ln accord. wlth them.

The energy spectntm observed at 2l'Joyp Is shourn

ln Flgure 2,9, whlle the angular d.lstrlbutlons are shown and.

tabulated., along wlth statlstlcal emors, 1n Flgure 2.I0

and- Table 2,6 respectlvely. An overall noznalLzatTon

error of 10% d.ue to target thlckness uncertalntles has not

been lnclud.ed-,

Flgure z,Ia shows the imorçn energy levels per-

talnlng to the resLd.ual nucl-el d.lscussed. ln secùLons 2"1-

2.4"
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rergy Spectrun

Flgure

resultlng from 59 co( p,d )56 p. reactton

2,9

the
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-4L-

Flgure 2.I0

dlstrlbutlon to bhe varl-clul: states
') t)of - f"e
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Table 2,6

Tabulated dlfferentlal cross-sectlons for ühe 59"o(pr(l)56¡'"

reactlonu lead.lng to several states of 56r.



stco(p,o)ttFe ,O = 41.3 t .3 lvleV

dold0(ub/st) t Error(ub/sr)

e c.m.
( deg.)

1st X.S.
( -.e+5 Mev) (3.5 MeV)G.S.

2nd X.S.
( 2.0s5 MeV)

18. 1

20 .7
23 .2
25 .8
28 .4
29 .8
3i.0
32.3
33.6
34.9
36. 1

37 .4
38.7
40. 1

4i.3
42.6
43.8
4s.t
46 .4

48 .8
51.5
54.1
56 .6
59 .2
6r.7
64.3
66. I
69 .4
7 7.9
74.4

1.47 t. 33

L44 t.36
I.67 t.37
.75 t.13
.95 t.13

1.30 x.L4
.96 t.09

I.07 t.10
1.08 t.09
.79 t.09
.72 t.i0
. 83 t.07
.65 t.06
.59 t.08
.54 t.05
.53 t.07
.45 t.05
.26 t.05
.20 t.07
.18 t.04
.16 t.04
.086t .025
.1i t.03
.13 r.04
.18 t.04
. 16 t.04
.11 t.03
.07 4t .025
.060t.017
.0481.0 16

7.5 t1.0
9.0 t .7
q6+ O

7.2 x .4
7.45x .42
6.05t .3
4 .97 x .2L
5.L7t .25
5.Izt .19
4.53t .15
4.33t .2L
3. 80 x .17
3.66r .12
3.1lt .15
2.62x .li
2.72t . 14

2.09t .11
i.83t . 13

I.29t.14
.98r .09
.77x .09
.62x .06
.50t .07
.59t .07
.59t .07
.53t .10
.50t .06
.36t .04
.34t .03

.24t .033

L3 .7 x2 .0
14.5 tl.4
11.5 t1.1
9.9 t1.1
8.6 + .5
7.ISt .43
7.25t .42
5.98t .31
6.15x .23
5.26t .30
4 .84x .26
4.47t .25
4. 30t . 19

4. 00t . 10

3 . 31t .12
2.55t .L4
2.67 t .16
1.95x .21
1.59t .30
1.53t . 13

1,.02t . 13

.91t .09

.95t .12

.55t .08

.97x .09

.82t . 10

.58t .09

.39t .08

.40t .05

.33t .05

60. 5 t9 .0
65.0 t4.3
5I .2 t4 .7
55. 8 x4 " 4

49.3 t1.9
40. B t2.2
4I.2 t1.1
35.6 t1.8
33.0 t1.1
29.2 ti.0
28.0 r1.0
25.3 r .6
22.6 x .25
27.I t .5
18.6 t .4
15.0 t .B
13.4 t .4
11.9 t .5
8.8 t .8
6.9 t .3
5.80t .32
5.50t .25
4. iOt . 30

3.37t .23
4 .28t .20
3.34t .20
2.75t.17
2.0?t . 14

1.77 t .10
I.76t . 10
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2,5 Partlal Cross-Sectlon Calculatlons

Partlal cross-s€ctlons were calculated. fron the

experlmental data ln the usual fashlon, bX plottlng
(aa/a )".r. slnpc.m. vs. ¿Jcnm,Ðd lntegratlng the area

nnd.er the resultlng curven Slnce ln general there was a

eonsld-erable uncertalnty lntrod.uced. by the lack of data ln

the extreme forward angles we used., whenever posslble' the

ð,ata of other works r even though they were not measured. at

the sarne energy. The Justlflcatlon for thls proced.ure

lles 1n the assumptlon that theSþgg of the forward- reglon

of the angular d.lstrlbutlon ehanges slowly wlth energy and-

hence, wlth approprlate nortallzatlon, ühe pertlnent d-ata

shoul-d introd.uce 11ttle €rrorn

For '7 ot(p,o)2&Mg*, s. we

measured. for En - 39,7 mev between

ro,. 58ltt (p,ù55coc.s. we

Accelerator BFTEL ð-ata ') , measured.

arrgles between 10o and. 2Oo.

used. d.ata from Mlnnesota 5

!2o and 36o ,

used- the Proton Llnear
for En = JO,O MeV at

state in p.56) we

agaTn used. the P.L.A. data '), measured. for the saJne level

at E- = JOMev for angles between 10o and 19o.
P

Ttre resultlng partlal cross-sectlons of the varLous

angular d.lstrlbuülons dlscussed. ln thls work, together wlüh

prevlous ( pro) measurement on other elements measured. on

the Unlverslty of Manltoba CycloËron are llsted. ln Table 2,7'
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Table ?,7

labulated (p,0) parü1a1 CfoSS-sec tions





REACTI ON ENERGY 'äfi'Jååg*(MeV) (MeV)

PAR T'!A L
cRoss -sEcTüOru

(¿¡b)
5803 loo
7601 too
il !o+ 80
¡600 t soo
aSlO g E0

te0 * ä0
lO7 t æ.4

30f 7
tza t 19

99 g l!
!6 g 4
359 3

129 g !4
163 t !5
a.4.t .s

!9,?* ü"g
lg.4 * 4"8gE" t gg"

7 L¡ ( p,c) 4þle
7L¡ (p,o)ane
rac (P,e)sg
'tc ( p,c)eg
rac ( p 

"o)eB

11ñIi,:älff,
:,"At(pnef,]ras
-_Al (poG[-Me

'^bt t p,s fþr;

;äl[å;åfff;
:'ñJ f5:åF*i
:#[sx,gF:

:l:ir:;#;

45"2
4l .3
4 4.5
4 t"6
39.6
445
4 5.5
4!.3
4t "3
4l "3
4l.s
4!.3
4 t.3
41.3
41,3
4 1.3

4 1"3
4 !.3

o.o
o.o
o.o
o.0
o,o
o"o
o.o
o.o

1.37
4.12- 4.25

5.2e8
6.O
7.5
o.o
o.o
.945

a"og 5
3"S
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2,6 Alpha Partlcle Ðrergy Spectra fron 1974u Bombarded

Þr'lglqns'
Prevlous measurements of the alpha partlcle specüra

resultlng from ühe bonbardment or 197¿,, wlth protons have

been measured. using Dp== g,5-23 tIeV, 56 MeV and. L55 tlt"v8'gJo).

None were taken uslng a solld. süate detecüor arrangement' We

mad.e measurements uslng En= 23 MeV, 3Z MeV and 4:-..3 MeV"

(ntgf¡er bea¡l energles, although attalnable wlth our cyclotron,

d.1d. not d.e11ver enough beam current to obtaln satlsfactory

alpha partlcle yleld.s ).

Table 2,8 tabulates the angle and. energles at

whlch measurements of ühe alpha partlcle,energy speeüra were

taken. Some of them are shown ln Flgure 2,I1-2,t.5. In ord.er

to compare ühe experlmental results wlüh ühose pred.lcted

theoretlcally we must exüract from these spectra only the

componenü which ls the result of a staü1st1cal compound.

nuclear process. Thls was d.one, on the assumptlons that

thls process rüas lsotroplc and. also thaü the yield. ln the

extreme baclnsard. angles was d.ue üo such a mechanlsm (te

d.lrect reactlon contrlbutlon assumed. negllglble for the

bacln¡¡ard. angle). Flgure 2.L6 glves the extrapolated cross-

sectlon one should. obtaln for 9¡= 1800 (where $Ie assuúe we

measure only evaporatlon processes). The resulÈ for S =

23 ltletl (labeIIed. as (b) ln both F1g, 2,16 and. Table 2,8)

makes use of a measurement by FuLMEB 
8) 

taken at 0 = 9Qo "

The result ln Flgure 2,16 and. Table 2,8 labelled. as (a) re-

fers to the r¡ork of MUTO 
9)
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TabLe 2,8

yleld from t97gu(p,c) reacülon.
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Flgure 2"11

Alpha partlcle speetra from l-97 
A,,)

bombard.ed wlth 41.J MeV protons.
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Flgure 2.12

Alpha partlcle spectra from I97 
ou

bonbarrled. wlth t+l,3 lvleV protons.
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Flgure 2,13

Alpha partlcle spectra from '97 ou

bombarriled. wlth 32,0 MeV protons.
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Flgure 2,I4

Alpha partlcle spectrum from tg? lu
bombarded wl tlt 23.0 lleV protons
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Flgure 2.15

Alpha partlcle spectrum from I97 
oo

bombard-ed wlth 23.4 MeV protons
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Flgure 2.16

Alpha partlcle y1eld fron i9'/ Au bombard-ed

wlüh proüons of varlous energles.
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Flgure 2.17

Energy Level Dlagrams for the resldual

Nuclet tor" , "*u, 
55ro, 56r.,
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CHAPTER TTT

THEOBETTCAL CONSIDEBATIONS

Statlstlcal Model

-

fntroductlon
n-20 )For a number of years varlous authors't-cv , h^o.

attenpted to expraln the continuum part of the energy spectrum of
partlcles resultlng from the bonbard.menù of varlous nucleL"
Nearly all a-nalyses have been done ln terms of the ,,evaporatlcxl.u,

noder based on the assumptlon of ühe fomatlon of a compound

nucl-eus, A comprehenslve survey of the compound statLstLcal
features of nuclear reactrons was glven rn the revlew
artlcle by Bod.ansky3T)" fn all cases, the fomatlon of a
compound nucleus 1n a well deflned. state, ln whlch the Ln_
óLdent part1cre shares rts energy a^mong a1r the nucreons of
the target nucLeus, has been treated. as lnd.epend.ent of lts
dlsl-ntegratlon" The assumptlon of thls lnd.ependence was
based. on the "ra^ndom phase approx1mat1on,,. Thaù isu rt
was assumed that at the exclüatl0n energy of the compound
nucleus there are many energy 1evels of all types and
s.1nce the 1nc1d-ent beam or the level wrdühs were broad. com_
pared to the energy 1evel spaclng, many levels of the com-
pound nucleus r{ere exclted." The wave functLons of these
levels were assr¡med. to have rar¡d.om phases so that when
phase averages were perforrned the lnterference te:ms
vanrlshed." The result of thls was that for the absorptlon of
nucleons havlng an energy ra'ge of the orrler 10-J0 Mev Èhe

AO

1r
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a¡1gular d.lstrlbutlon would. be lsotropl ""'). 
The mod'el used-

for the calculatlon of the energy spaclng was usually based-
24.31 ,35 )

on the so-ca1le¿ "Fe:ml-gas " mod'ef - 
.' 

1n whlch lt

was assgmed.r trmorlg other thlngs, that there was a set of

lnd.epend.ent partlcles conflned. to a potentlal wello For

the purposes of estlnatlng the d.enslty of leve}s the Feml-

gas mod.el, although a poor representatlon of the nucleust

should, be adequate slnce the resld.ual lnteractlons (lnter-

nucleon forces ) Ao nelther create nor destroy energy levels

(that ls the number of states remaln the same ) 
24'38).

2, The Foruallsm
35) 24) 38)

Lang --', Erlcson and' Newton ' have shown

that the level d.enslty I,l for the "Fetnl-gas'model has the

fotr,
(r(u) = const. a-L/4 (u+t )-5/4 exp[z'lou ] where

C 1s the level d.enslty paraneter, whlch on the assumptlon

that we have ecluldlstast spaclng ln the energy leve]s of

the Ferul-gas can be expI1clt"1y "ho* 
2a) to be

d.= 2 t Tr \4/3 4 toZ A where m ls the nucleon\T¡ T
mass, Io lts rad.lus a¡rd A ühe aüomlc ¡relght of the nucleus

for whlch ¡re want(r(U). A]-so U = E -Ð ""p""sents 
the ex-

3d
clüatlon energy mlnus the palrlng energy I ' 

,

Thot"" 36) has shown ühaü the angular momentum

d.epend.ence of the level d.ensltyo und.er the assumptlon that

the nuclear moment of inertia ls lnflnlte (see Append.lx l,A)r

lntrod.uces a factor of ,-3/2 lnto the expresslon for the



E6;o
where % 1" the conpound. cross sectlon for the reactlon
x + a+cr whlJ-e Q (Er) are the lnverse reactlon cross
sectl0ns, that ls, the cross-sectl0ns for the fomatLon of
c' vrlth an exclüatlon E" * sac, resurtr.ng frorn the
bombarrùnent of Y u havlng an excltatlon nl"* - Et by a
partlcle 1" The sunnatlon exüends over all posslble d.ecay

mod.es of the compound. nucleus C"

-56-

the "nuclear temperature " d.eflned.

I
T

where tu

t

1evel d.enslty, where r 1s

by
,ot(' s 1\il-E (r-TT)

% (Eo¡ c¡lu (Ei",- eu) dEu
@c (Eo*soc )

(3-r)

glven by the relatlonshlp U = o t2 -ts ¡rleLd.s

="!, (1 +'l 1+40U) t3-z)
CT

conslder no¡¡ the reactlon of the forr (Flgure 3"r)
X + a --+Ç-> Y+ bn

Then, accondlng to the statlstlcal mod.el 
3l ,34,35 ) 

and.

fo11ow1ng the notatlon of BUTTNEn32) the d.lfferentral energy
cross-s€ctlon

Cl-(aob) d% = Oa(Ea) Iî uuo

ìr
where

I] (eo)oeo =

and.

g, kl(eo)
ZT

-b'¡-mox

rr,=
b' D' 

b,

nr,f íjJ5', 
%,( Eb,)

2772
uv(r$oo- eu) d Eb,
üJ. (Eo + soc)
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Flgure 3"1-

Schematic of single particle emission processo
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Also 91 nrt (Er) = (2s1+1) 2 nt E1 where "i is tÌÞ
-h;-

spln of 1 o Dl ls lts mass and. E1 lts energyo

Physrcarly I;' can be thought of as a "level wld-th"o

related. to the mean 11fetlne T of the compound. nuclous C by

sT-l h
Ito' T

Hence we thlnk of t G' as the "total wldth" whlle a speclflc
bt

d.ecay rate f 1s d.enoted. aa a "part1a1 wldth" for the decay
b'

lnto channel b', Thus Iï 1s thougtrt of as a "branchlng ratloo'

m' whlch dete:mlnes what fractlon

of the compound nucleus d.ec.ays lnto the speclflc char¡nel b.

Baslcal]y the d.lfferentlal energy spectra (of the prod.ucts b)

are detemlned- by phase space factorso lnverse reactlon

cross-sectlons, the level d-ensltles of the nuclel lnvolved.

and. the probablllty of foralng ühe compound. nucleus Co

Up to now we have assumed. that the eJectlon of a

slng1e partlcle b was sufflclent to "cool " the compound

nucleus so that no more partlcles of the type b could be

aqaln eJected. from the resldual mucleus. ft ls thls

aspect whlch we speclflcally want to explore ln thls work.

That ls, ïre are lnterested. ln the d.egree to whlch nu]tlp]e-
partlcle emlsslon contrlbutes to the partlcle spectrum"

Bather slnpllfled. calculatlons 2l 
'34 '39 ) n"*r"

been perfomed prevlously, In ad.d.ltlon several t,rtho""ll'23 )

have calculated the cross sectlons of nultlpLe-particle

emlsslon by Monte-Car1o calcuIatlons. A few analytlc
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calculatlons 13 
'25 ,4o ) or the d.lfferentlal energy spectra

of the resultlng nultlple-enlsslon producüs have been nad.e

but nearly all calculatlons wefe perfo:med. trlth extremely
slnpllfled- formulae for the leve1 d.ensltleso

rn ord-er to stud.y the nultlple em1ss10n of parü1cles
havlng small branchlng raü1os (such as alphas and. deuterons)
we choose the analytlcal approach slnce Monte-Carlo routlnes
become lnpracülcal when the ',y1e1d,, 1s so row that the
necessary statlstlcs cannot be obtalned ln a reasonable
computatlonal ülme on present d.ay compuüors"

The basls for our theoretr-cal carculatlons rles ln
the work of BUT!NER32) et al, They calculated. the gross
sectlons for ühe emlsslon of two partlcles uslng reasonable
value for ühe revel d.ensltles (except that they neglected. to
lnclud.e the facto, f3/2), I¡Je have erpanded. thelr fonnaLLsn
1n order to calculate the d.lfferentlal energx_épectqa and_ our
excltaülon energles belng hlgher, we have lncluded the effect
of the thlrd. partlcle (shower) as well" Thus our calculatlons
w111 be valld up üo the threshold. of the fourth partlcle
emlss1on,

Flgure 3.2 lllustrates the nult1p1e-part1c1e
em1ss10n processn The flrst partlcle energy d.lfferenülal
cross-secùion 1s glven by

Il r Eu! ¿ eu

f,,t eorT
b'

Ø(o; b) dE¡ = oã (Eo)
(3"t6)



The second- partlcle

o(o;b.,c )df 
" 

= q(e")

whlle the ühlrd
bcd ,r

Eto*- Ed

-60-

partlcle energy d.lfferentlal cross-sectlon l-s

energy d-lfferentlal cross-sectlon ls

s*r.
I n ( Eu)d Eu I te'. )d E'.

lr=? t*'r.,*t ß'r7)

b

-bcdLro*-Ed- trb

[['

JJä
E:=o

O(o; b,cd ) ariøo tro) bdE

b')

{
(E

(E

;
Io'

)¿Et

(Ec'

E'"

I;.
!

ct

( fott"o ) dE'6
( 3.18 )

E=O
Þ

where

lo tEo)dEo =

l- ( E' )dE' =rC' C G

fo (E; )dEo=

, ä, f, 
(E"d')

crv (Eåo,¡- Eu ) dEu

ûu,(eo,¡
uc

u)c

@, ( Eon..t"-- E¡- E. ) d E:
ûJY (E*o,- Eb )

cr,,*(E[?Í- E¡ - E" E
@, (8.3""-- Eo - E. )

@v (El"*- E¡' )

.2
9¡ ku

-Zrrz-
.2

9" k"

q(Eb )

q(E")

ot (E;

2 Tr2
2

9 ¿k¿--Zrrt dE;

aEl", z

I f, (E6,) =I J +#
Eo =O

dEo'

and slmlrarry ror 
ì, I:, ( E;, ) and 

ä, [, 
( Eä, )

Hence for example after cancelllng factors conmon to boüh

nu:nerator and. denomlnator, we have
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Figure 3 "2

Schematic of multiple-particle emiseion processo
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Eo);(t
;5'
-m

g

:Q

E

a,

î,
J'
- t-
Ëb-

cl(o ;bç,d ) dEo

{J= Jtrtåoi;,,'.,, 
,*(,::'; ErE;Ed,) dE

t Eo=o

In the abovefl(Ff )r*" are the lnve

iif, øof eotrJt,Ed) E;ro)dE

4å',-rJ Eb

n"*! 1te"\ ur\elir;r"r 9 o k"ooo( Eo ) r*( dtie;r-ro) a

fl
rse re

(3"l-9)
dE;

actlon

cross sectlons, One of the baslc dlfflcultles ln the

appllcatlon of the evaporatlon model ls the lack of preclse

}rrowledge of the cross-sectlon for foznlng the origlnal

compound nucleus by bombarrd.lng ühe exclted. resldual nucleus

wlth partlcle 1 of energy Er. These cross-sectlons cannot

be experlmentally obtalned. slnce we }crow of no way to

"prepare" the nuc1el to be bombard,ed-. We thus assume tll.at

ühe lnverse reacùlon eross-sectlons are ühose glven by say,

optlcal model calculatlons for nuclel ln thelr ground süate,

The summatlon (bt, ct ¡ d.') over the conpetlng

events was carrled. out over neutrons, profons, deuterons

and alpha parülcleso Although our fornaLlsm can take account

of the competlülon from H"3, trlüons and- gamma emlsslon,

these were lgnored. slnce they are }¡rown to be small ln

comparlson to ühe other partlcl-es ln the energy range

(20-60 MeV) of lnterest" Conpetltlon from gariltra emlsslon

-c'b --" --b-¡, þc'

0il x2"' o.'1 E.,) t t, ( E ;,
o

e|lir

;JI
JI

Eoo I
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becomes lnportanü only lf we 4re below or Just near the
threshold. for partlole emlsslqn.

A conput"= 
"od."26) 

programmed to evar-uate

Equatlon 3.16-j"LB calculates Clnve"""(Et) by sultable
evaluatlon of polynonlars whlch ïrere, by a prevlous computer
code' fltted- to ühe data of oüher works" For oLrro"""u(neutrons)
we used. the values glven by OosfnovsKy 23) 

" For C)-lrrru"""
(alphas) we used. the üabulatlons of Hulzenga and. ïgo 27'28 )u

whlle for %.ro"""" (d.euterons) and %.rro"""" (protons) ?se

used the tabulatlons glven by Shaplro 29),

The level denslty used. had ühe foru¿
u)(u) = constn a't/4 (u+t )-5/4 ,-3/z exp tz1õûl

where the excltatl.n energr ur corrected by the palrlng
energy accordlng to the tabulatlons glven by calviERON ao),

ïIas obtalned from experlmental nuclear mass values o, ) 
" The

palrlng energles for the €vêtr_êv€rr (resldual) nuc1el are
about twlce those for the od.d-even nucrel, wh11e they are
zero for the od-d-od.d nuclel"

fhe palrrng energy was lntrod.uced because 1ü was
hnown that €vêrl-êvên nuclel had. a smaller level densLty
tha^n dld- odd-odd. nucrer havlng the same excltatron energy
and atonlc welght" Thus the excrtaülon energy of even-
even nuclel are effectlvely red.uced. r^¡hlle those for od.d._

odd nuc1e1 remaln the sEJD€c

The nrrmerlcal values for t and r were obüalned
from equatlons 3"2 and 3.1 respectlvely"
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Experlmentally one measures the energy spectrum of

a certaln partlcle x whlch results from the bonbardment of a

heavy nucleus by partlcle a. In ord.er to make a comparlson

wlth the experlmenüal results one must calculate the

d.lfferentlaI energy yleld. glven byCf(alx)dE*, C(ai brx) d.E*r

Ç(ai b, cox) d.E* for a speclflc value of E¿r a sultable

rarrge of E= ( over whlch the measurement was mad.e ) and. all
posslble comblnatlons of lnüetmed.late partlcles b and. c.

Thus

føto; x) d Er];rfJo;x )d E -ìo(o î b,x] ot-*ì? ø(o ; b,c,x ) d Ex

The theoreülcal evaluatlon of the "total" energy

spectnun at 20 polnts requlres approxlnaüe]y 200 nlnutes

of computatlon on an IBNI 360-65 computer, Computaülona1

uncertalnüles, d.ete:mlned. by the nr¡mber of lnüegratlon stepst

usually a^mount to less than IO%, The computor progra.n and.

necessary lnstructlons have been wrlüten ln the form of
441

an lnternal report
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The details of tåe DEVBA thærr usd to fit our eoperine'tal
results har¡e been sufficiently described ersev*Neräf5,46371a'd wilr tÌrerefore
rot be rq:eated here. Hcn¡¡elr'er it sesre r^¡ortl¡^¡tril-e stating scn¡e of the
basic ass,nptions ard apprcximations incoryonatd in this ttræry.

9þ oonsÍder tfte reaction B (bo a) A to be cne of píck*p ldhere

b = a - x ard B = A * xp x beirq ttre grorp of transferred nuclffi,rs.

!üe asst¡ned the reaction $'as direct, that isu there was gd
orrerlap betr'v¡een the wave fr¡nctio¡rs ín t}re i¡cidenÈ and exit chanrels so

tlÞt' tåe oollisic¡r may oæur with the miniÍH[n of rearranEørent of ttre
ænstiü¡ent nr¡cleons"

ItIe assurc that tåe elasLíc scatterírq is tåe prdon-i-nant process

arxl that nør-elastic reaction events can be treatecl as perturbatiørso The

relatíve notion before and after the reaction is descríbd by distortd
vtaves wl¡'ictr inclrvle tlre elastic scatterirgr (calctrlatd ín tl¡e cpeie¡l nodel_

appaoxünaLion) - the tra¡rsition is then sirçly one beb¿een elastie scatterirg
stateso

hle assune tåe i¡teracti* vb* in tlæ matrix elsnent, taken
betqÃeen ttre internal states of the coJ.lidlng pajrs is aentral arul that b and

x are in a¡r s-state of relative no,tlon within a" That isu the cluster of 3

transferrd ntæleons (for pra reactiørs) are assured to have the internal
properties of a triton (L = 0u.s = L/2, r = L/zl arld to originate in tlre
shells ha\rirg a sirqrle rad.ial guantrmr nud¡er n.
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Ttre bourd tritorrære s1ætan was treated as a particle rotrírg

i¡ a cent¡:al poÈential havirg the sane raåial deperdence form f (r) as

ttre real part of tJle cptical potentials. Íhis bo:rd state is required to

have the corzect sæaration energy ard for gíven inrnrt r¡altæs of ra ard

I tfr" potential deptJr Va is adjusted r¡ntil- this cordition is satisfied

with the cort€ct nunlcer of radial rpdes (a rn¡nber yñiù is read into the

[fr]BA code - see Açperdix 4A).

Instead of rr^çirq the often used nzero-rangre apFlt"ìor(irnaLion"

ttherei¡ one assutÞs a is "snitted" at tt¡e point where b is "absorbed" we

make the rncre realistic calcrrlaticrn taki.ng into account fínite rangre effects

through tle use of the nlocal ener3D¡ approxirnation" wÍth a square well

dependeræe v¡hose radius arut depth are those givi-rg the sa¡e R.M.S. size

for the square well wave fi-upticn as fon the harrnonic oscillator wave

ñ¡rction. Itre val-ues cne obtaired vùen this was done for (pra) reactions were

ro = 2o78 frn , Vo = 40 I\'!eV fcol the sqlare well parerneterso

!{e assure the potential for both irgoinq ard ortEoing dtannels

have ttre form

U = -Vf (r) - iV{.J (r') + 4i Wla" df (r")-f-
where tl:e fi¡st tern

is tlre real part of the Sa:<on-!üæd potential, wtrile the other t¡,n are the

imagir:ary voltune and surface potentials ar¡l rnÈrere f (r) = (1 + e:çr ,''-=oAi/3r)-1.t?
A corûcntc potential correspondirg to a uniformly charged spfiere of radius

1rrþ*/3 is also a&ed.

VÞ neglect spin-orbit couplirìq anl o<change (krocjk-ant) processes.
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CHAPTER TV

o. ANALYSIS oF THE 
27el (poo)t4*u*.r. BEAcTfoN"

lie w111 now dlscuss a systemati_c approach which has

been used ln the analysls of the (pro) reactlons discussed.ln
thLs part of the work" rn ord.er to extracù any meanlngful
lnforrnatlon (such as the experlmenüal spectroscopf_c factor)
from such an analysls one must red"uce ühe number of freely
ad-Jusüab1e parometers (1e, parameters whose value can nelther
be detemlned. theoreticaLly nor extracted from other ex-
perlmentar results ) to an absolute rnlnlnllmo

rn vlew of the uncertalntles rn the values of
parameters lnvolved. ln spln-orblt lnteractlons l_t was d.e_

clded. to neglect these from the calcul_atLons"

The basrc assumpÈlons and. approxlmatr.ons of the
DI{BA code used. for thls analysls have alread.y been dlscussed.
I-n Chapter ffI.

The D¡IBA code requl-res the d.etemr.natlon of the
parnmeter BADNOÐ, d.eflned. as the nurnber of nodes (exclud.lng
zero and lnfLnlty) 1n the rad.lal wavefunctlon for the centre
of mass of the transfemed. (trtton) cluster"

.a procedure for d.etemlnJ.ng thrs parameter 1s
glven Ln Append.lx l&oa" lrlow "{ = 5/z+& Jf = d hence lt = z
(ln agreement wrth value obtalned by a dlffractr.on model frt
d-one by a Mlnnesota group u) to theLr 27o;-(puo)t4** 

angular
d'l-strlbutlon), Exclud.f.ng the zero anrd. r.nflnlty the number
of nodes ln the bound radlal Ìrave funetlon of the trlton_
eore system then has a value, assumlng the plck-up of three
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d 5/2 nucleons,of 2.

Besldes the entranpe and exlt channel optlcal

parameters (detemlned. by optlcal mod'el flts to the target

and resld.ual nuclel by protons and. alphas respectlvely) tne

only other "free" paraneters are those of the bound state

system r¡ and. a¿ whlch are respectlvely ühe wldth and sur-

face thlckness of the real Sqxon-1,{ood's potenülal whlch we

ad.opt for the bound.-state trlton-core lnteractlon.

However,theoptlcalparanetersofanelastlc
scattered. state nay well serve as a gulde to the value of

r¿ and a¡ ln ühls bound. state and. we tÚ111 hence use as a

guld.e the values one obtalns by d.olng the optlcal nod.el flts

to the elastlc scatterlng of trltons (or when not avallable'

that of He3 whlch we assume w111 lntrod.uce llttle error)

frorn the resld.ual nuelel of the (p'C) reactlon"

Several authors5o'64,65 ) n"o" mad.e He3 elastlc

scatterlng flts on Mg near 30 MeV ?f1th the foIlowlng results

rt = LO| - 1.15 fm àt = ,69 ,85 fn

Mos*- of Our lnltlal analysls was lnade uslng the parameters

exüracted by GRTFFT$IS 
65 ) nanely rt = r'069 fu' ãt = '85 fm'

Theexperlmentalelastlcscatterlngd'atafrom

Mlnnesota6O) for En = 3g.8 MeV was close enough to the l+1.3

MeV at whlch 2?/|:-:(prC)24MS was measured. and was used' to ex-

tract the proton channel optlcal parameters wlth the use of

an autonatlc search p"og"*59). The search routl-ne allows

any d.eslred. number of the optlcal pararaeters to be varled.

automatlcally untll the agreement between the pred'lctlon
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of the optlcal nod.el and the experlmental results ore

optlmlzed. accord.lng to 
"n"f 

parameter d.eflned. as

2 r t^\ 2

X'=+ t (or(0)-orn(Ø )- whereN ft \ -ã%Ta) t
0rn{8) f" ühe optlcal mod.el pred.ictton of the d.lfferentlal 

:

cross-s€ctton at an angre 0"or" , %@) t5Cr"t0) trre

correspondlng experlmental value a¡rd. asslgned error and N

the number of experlmental d.ata pol_nts o 
,

The search routlne ¡ras started. fron optleal parameters

prevlously obtalned. ln other 
"o"kr5l 

'56'57 ) except that the ,.

spln-orblt parameters were now ercl-ud.ed." convergence to
a good. flt was thus qulte rapld. and. the slx best solutlons are

tabulated ln Table 4n1" The theoreülcal flts are shown, to-
gether wl-th ühe experlmental dLfferentl.al elastLc scatterlng
cross-secttons ln Flgures 4"I-l+"6"

Agaln, through the use of the automatlc search
progran the alpha channel optlcal para.neters were extracted.

by ff.ttlng the elastLe scatterlng d.ata of 50 Mev alpha from
24-- - -ô ñ*'Mg to T}ucurrextend.ed. to 133oc"m. by the 43 Uev alpha ,,r

elastlc seatterlng d.ata at, 4j M.v62)" Thls d.ata fortunately
corresponds closely to the tL¡re reversed. alpha partLcle
laboratory energy of 48"J MeV (Append.lx ll"b) of the?? 24-'Al(pro) Mg reactl-on v¡e measuréd. for 5= 41oJ MeV" 

.ìThere exlst, however, marry sets of paranetersu

havlng a wlde rarr^ge of real well poÈentlal d.epths (vo) whlch
all gi.ve nore or less equally good flts to the elastlc
seatterlng datao
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Table 4.L

Tabutation of the optlcal parameters glving the best

y2 flts to the elastic scetterÍng of protons from "'AI"
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Flgure 4.1

Theoretlcal flt üo ühe Proton
27

elastlc scatterlng from '41.
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Flgure 4.2

theoretlcal flt to the Proton
27

elastlc scatterlng from '41.



ffi6 3S"E tu{ev

"ævJAI {p,p

€6oêeooe"FåT b

æ7
A

I @¡oå ¡
'å:n I

6ø9

'uru"o-
,,åååo

120

o

ur"

ri;uneßBe

4
Í0

I

80 r00
(oegrees)

&,
a

@

o
Ë9
I

o
a

b-
Øz
àtd
Ë

aBBBaaB EXPERIMËÍUTAL
DATA

æ,
o
ts()
UJ
rn

Ø
Øo
fE
rJ

2
ro

I

ro

AzuGLE
6O

CM
4O

J
<[
Þ
i¡J
@
trl
t¡-
tå-

õ
s
(J

o
to

20

-l
ro



-73-

Flgure 4.3

Theoretlcal flt üo ühe Proton

elastlc scaüterlng from z7 Æ
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Flgure 4' ll

Theoretlcal flü to the proton
27elastlc scaüterlng from '41.



c.
 M

.

O
r

D
IF

F
E

R
E

 T
IA

L 
C

R
O

S
 S

õo
 

õ-

N
) o A o

E E x E ¡ E x rn X It
(f

m Þ
n ;< rn z I Þ r

O Þ z G
)

- rn

O
) o

S
E

C
T

 I
O

 N

of
\)

^@ .D
O

 O
(.

o (D C
D U
) -Õ
o

( 
m

b 
/s

r'l
õ*

¡8
!¡

O
r@

!O l¡c !o tr
o 0r

(g re !O ¡o ro

ot
O

!
@ @ @
¡

oE oã el cr a
€t

r

¡ 
tlP

rô

g

@
ß

)l
o¡

o¡ er
@

!
o! o! @
r

o¡ (@

o &

ñ O

o 6 a o @ 6 @ e T
l

-¡
¡

å

4ä
Þ

ry

m
Þ

K @



-75-

Flgure 4"J

Theoretlcal flt to the Proton
2?elastlc scatterlng from '41"



C
. 
M

. 
D

IF
F

E
R

E
 T

IA
L

Õ
r 

õo

N
) O A o

E ¡a &
t

B
¡

E
I !t ül rn x T

(f
m

Þ
æ

Þ
ffi z. -l Þ r

O s *-
 0

)
{Õ ¿

. 6) rn

C
R

O
S

 S
 S

E
C

T
IO

N

õ-
 

õ,
'

^@ *o (O (D (D C
N -õ
o

(m
b 

/s
rl

õ*

o lr
O

'l
O

B
oa €! o¡ G

.

{F
6r

a'
e¡

a
@

O
B

@
B

O
¡

@
É

@
E

@
D

¡

G
la

!r
o

¡o ãa to ta
o 6 e É to r€

@

¡@

sF

o o

o*

ñ O

a g c o o o o c c r E -{ ffi

*T
trÞ

h3 *S

(¡
u @ 'æ

@ æ *h
3

Þ
-¿

K (Þ



-76-

Flgure 4.6

Theoretlcal flt üo the Proüon
27

elasülc scatterlng from 'A1o
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These anblgulüles are knol'rn to occur for conposlte

part1c1es54) as a result of the wave functlon lnsld.e the

nuclear potentlal contalnlng extra half-waves" Irt fact,

as one can note from the tabul-ated results, the real well-

potentlal d.epths glvlng XZ gltntma 1n the search routlne
46)

fllffer by about 60 MeV. Thls has been prevlously observed '.

Theoretlcally the real well d.epth for elastlc

scatterlng of composlüe partlcles, mad.e up of n nucleonst

ls expected. to be approxlnately n tlmes the d-epth52'53) ob-

talned. from analysls of slngle nucleon Scatterlng d-afa"

Hence one expects the real well depüh of the optlcal mod.el

parameters, glvlng the best flt to the (prQ) experlnental

results, to be approxlnately 200 MeV. Solutlons havlng

YaÉ 200 MeV arrð. VadzOO ! 6O UeV were ühen used. ln the

theoretlcal analysls wlth the hope E}:.at slnce the lnterlor
?fave functlon ls relatlvely nore lnportant for (prA) reactlons

than lt ls for elastlc alpha scatterlng one mLghü be able üo

d.etemlne whlch Vo d-epth ls the more valld- one to use'

Results of optlcal mod.el flts to ühe elastlc

scatterlng of alphas from '4*u are glven ln Table 4.2 arñ"

Flgures 4,7-4.!2.
ïn the attenpt to f1t the ?Znl (p,o )24wu d.ata ühere

are then left as free paraneters the trlton paraneüers and

the cholce of whlch set of best-flt optlcal paraneters one

can usen However we can severly resürlct our choLce of

the proton optlcal pararneters slnce the DlllIBA calculatlons

are noü very sensltlve to them. V'le thus restrlct our



-78-

Table 4.2

Tabulatlon of ühe optlcal parameters glvlng the besü

¡2 rrts üo the elastlc scaüterlng of alphas fron ,4**,
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Flgure ll.7

alpha elastlc scatterlng from '4*u,
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Flgure 4,8

Theoretlcal flt üo the alpha elastlc seatüerlng fron '4*u,
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Flgure þ.9

alpha el-astlc
24scatterlng from Mg.
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Flgure 4.10

f1t to the aLpha elastl-e scatËerlng from '4**"
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Flgure 4"11

alpha elastlc scatterlng
24

Mg.
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Flgure 4"I2

alpha elastlc scatterlng
cLt
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analysls to the only two natural cholces one can make of all
the sets of proton optlcal paraneüers, namely, one wlth
pure volume absorpùlon (tJOn=O)o the other wlth pure surface

absor¡rt1on (!Jn=O ) , each of whlch had- the best X2 of ati the

sets of proton optlcal parameüers"

As has been found. 1n DilBA analysls of other (pr0)
46)reactlons ', the calculatlons are much more sensltlve to the

alpha char¡ne1 than for the proton channel optlcal pararneters"

Thls ls lIlustrated. for the three real potentlal well d.epth

for the alpha channel of approxlmately 140, 200 and. e6O ¡tev

ln Flgure 4.L3-4,15 respecülvely, whereln curves a and c lnave

Vp = 43.C7 MeV whlle curves b & d. have Vp = 40.93 MeV, For

each of these three Flgures we see that we have essentlally
two sets of nearly overlapplng curves. The two sets each

have approxlmately the ssme VC but one set has !'lDg = 0 rchl1e

the oüher has WO= 0. Thle result unfortunaüely nea¡s that
!ùe ca^nnof as yet d.ecld.e on uslng elther W0 = 0 or tJD¿= 0

(slnce they glve such d.lfferent results) and. ne musü try
boüh cases 1n comblnatlon wlth any other varlatlon we wlsh

to make, such as ühose of the bound. state parameters, ln
order to optlnlze our f1t.

fn orrcler to flnd. a sultable flt (s) to the ex-

perlmental data, Jud.ged. on the basls of shape (not the

noruall zatLorr-, slnce thls wouId. be related to the experlmental

speetroscoplc factor whlch 1s to be later conpared. to the

üheoretlcal one ) we preformed. a manual search of both

bound- state paraneters r, and. at over a grld of values
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Flgure I+,I3

The effect on the DWBA calculatlons resultlng froro uslng

d.lfferent sets of proton and atrpha optlcal parameters.

aÞcg
v = 43, o? 40,93 43,07 40.93 lvlev

p

Vo = 138.11 138.lL 1-35,83 A35.83 I4eV
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Flgure þ.14

The effeet on the U¡¡BA calculatlons resultlng fron irsing;

d.lfferent sets of proüon and alpha opttcal parameters'

aÞcg
v* = 43,0? 40,93 43"07 40,93 l{ev
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v c= Ig?"56 L97,56 190. îB ]-9O,2B MeV
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Flgure 4.15

The effect on the Ðt^iBA calculatlons resultlng from ühe use

of dlfferent sets of proton and. alpha optlcal parameters'

aÞcg
vp = 43.O? 40,93 43"07 43,07 l{ev

Vo = 253,2 ?5j.2 262,4 262,4 l{ev
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ft = 1.0 - 't -It'
(fm)

àt= '4= '9
for each of the slx sets of alpha channel optlcal paraneters

ln conblnatlon wlth the two sets for the proton channel

parameters.

A conputor plot and- (rt, at) cyellng routlne whlch

eras ad.d.ed. to the exlstlng DI¡BA cod.e 66) greatly facllltated.

thls seâÌch.

Lltt1e or no systematlc trend.s could- be establlshed.

from the varlatlon of r¿ and. a¿. In general, howeverr the

peaks and valleys ln ühe theoretlcal angular d.lstrlbutlon

moved. toward.s the forwarrd. angles wlth lncreaslng P¡ oT a¿.

Early 1n the analysls lt was reallzed. that one

could. not "force" a flt to the experlmental results by slmple

varlatlon of r¿, a¡ and the cholce of whlch set of proton

optlcal parameters one used.. ft became clear that for a

good. f1t one must use a partlcular set(s) of alpha optlcal

paraneters.

Flgures 4,L6-4,I9 1llusürate both the relatlve

lnsensltlvlty of our cholce of the set of proton parameters

as well as the fallure of r¡ and. at varlatlon to provld.e a

good. flt for the case VC È 200 MeVr WC = 0.

Flgures 4,20-4,23 lLlustrate varlaülons ln ühe

theoretlcal angular d.lstrlbutlons caused. by changlng rt and" a¡

when we had Ya= 140 Mev, Wc = 0 (Flgures 4,20-4.2I) and. when

we had. Yax 140 MeV, wDc - o (Flgures t+,22-4,23). A good f1t
could. not be obüalned. for these alpha channel optlcal parameters.
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Flgure 4,L6

The effecü of varylng the bound stafe paremeter

rb on the theoretlcal- angular d.lstrlbutlon
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Flgure 4,I7
The effect of varylng the bound. state paremeters

at on the theoretlcal angular d.lstrlbutlon,
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Flgure 4.18

the effect of varylng ühe bound- state paramefers

r¡ otl ühe theoretlcal angular d'lstrlbutlon
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Flgure 4,Ig

The effecü of varylng ühe bound state parnmeters

"t or fhe theoretlcal angular d-1strlbuülon.
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Flgure 4,20

The effect of varylng ühe bound- süate paraneters

r on the theorettcal a¡rgular d.lsürlbuülon.t
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Flgure 4.2L

The effect of varylng ühe bound süate parameüers

et on the theoretlcal- angular d.lsürlbutlon
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Flgure 4.?2

The effect of varylng the bound. state parameters

r. on the theoreülca1 anrgular d.lstrlbutlon
f
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Flgure 4.23

The effect of varylng the bound state parameter

at on the theoretlcal angul-ar d.lstrlbutlon,
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Flgures 4.24-4,27 lLlustrate the same thlng for
yAþ 260 MeV, W0 = 0 and for VO F 260 MeV, hlDO= 0. However,

slnce the latüer case showed_ some promlse of maklng a

sultable flt near rt = 1.00 fìn, åt = ,5 fìn we trled- the

alternate proton set of optlcal parameters a.s we1l. The

result ls lllusürated. ln Flgures 4,?8-4"2) and shows that

although the flt 1s stll1 unsatlsfactory lt 1s somewhaü better

than we had prevlouslY obtalned.

For the case YaÉ 200 MeV and. Il¡Dg= 0 we encountered

our flrst satlsfactory flt (Flgures 4,30-4,3I) for r¡ = 1.00 fln'

at = .6 fln. The alternate set of proton opülca] parameters

lmproved. thls flü somewhat (Flgures 4,32-4,33),

Now that we had. lsolated. ühe "correct" set of alpha

channel optlcal paraneters we perfonred. a somewhat flner r¡r

àt, grld search. The resultant best flt together wlth the

ones we lnltlally consld.ered. are shown ln F1gure Lt'34, The

co.r:respond.lng parameters are tabulated ln Table 4,3,

The experlmental spectroscoplc factor one obtalns

from flt C ls
a %*,JExP l.g3 ctn l,g3(2?g)

where tlne 1,93 1s d-ue to the flnlte range cotrectlon.

It should be remarked. that ln ord.er to ensure thaË

the above (fft C) was the only acceptable flt one could

obtalnr wê perfonned. an rt, a¡ 8r1d varlaülon over both sets

of proton channel- optlcal para;ueters ln conblnatlon wlth all

sets of alpha channel optlcal parameters. No better flt was

found-.
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Flgure Lþ,24

The effect of varylng the bound. state parameters

tL on the theoreülcal angular dlstrlbutlon.
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Flgure 4.25

The effect of varylng ühe bound state parameter

a. on the üheoretlcal angular dlstrlbutlon"
E
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Flgure 4.26

The effect of varylng ühe bound. staüe parameter

r. on the üheoretlcaL angular d-1strlbutlon't
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Flgure l+.27

the effect of varylng the bound state paraneter

at on the theoretlcal angular dlstrlbutlon.
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Flgure l+.28

The effect of ¿arylng the bound state parameüer

rt on the theoretlcal angular d.lstrlbutlon.
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Flgure 4.29

The effect of varylng the bound state parameter

uþ on the theoretlcal angular dlstrlbutlon.
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Flgure 4"30

The effecü of varylng the bound. staùe parameter

rt on the üheoretlcal amgular dlsürlbutlon"
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Flgure 4,3I

The effect of varylng the bound. state parameüer

at on the theoretlcal angular d.lstrlbutlon.
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Flgure 4.32

The effect of varylng the bound. süaüe parameter

rt on the theoretlcal angular dlstrlbutlon'
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Flgure 4,33

the effect of varylng the bound state parameùer

a, on the theoretlcal angular dlstrlbutlon.



27 24
Al(p,ft)Msn,
Ëo= 4g.S MeV

ot VAR|ATtON

:-- 5

::--;E 
(f rn)

.-.- t.o

i'\,i\
\\. \
\i\
'ii\

ls
M e!^./ I I 

\'-.-.. 
_.

iì\tit. \
\ti \
'rù

t\.1. \
$:, \
\i\

,,, 
-.

,,1,

rl¡lll¡¡l

Vp = 40.93
W p= 9.26

3

V er,= l97.55MeV
W o= 33.9ZMeV
F.R.= ?.78 fm
t't = l'Oo frn

Ot = fm

L
a
c
e

3
to

2
!o

I
I

to

o
rod

d

c-o
be

-l
IO

-2
IO 60 90

o..r.
t20

( oes )

!5030



-109-

Flgure 4.34

Shows the only three flts consldered for

experlmental spectroscoplc factor. Flt c

the best flt.

extractlng

represents
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Table 4"3

Tabulation of optical parameters of suitable Dr/VBA

?7 24
f lts to the -'nl(p,o) Mg reaction



TABLE &" 3

PABA¡4ETERS OF SUTTABLE FITS

Vn (MeV) =

I'ln (MeV) -
l¿ID (MeV) =p

VO (MeV) =

üJg(ruev¡ =

!lDO(MeV) =

r¡(fm) =

â¿ (fnt) =

F. R"(fm) =

a.¡g-(Pb) =

e
"EXP

sfti =

a

40.93

9,76

0.0

26z.Lt4

37.6

0.0

1.00

.50

2,78

4:-g

,036!, oo9

.081

b

4j, oZ

0.0

7 "14
262,44

37 "6
0.0

1.00

.50

2,78

?72
¿

.020:. 005

.081

c

40.93

9.76

0.0

r97,56

33.9

0.0

L07

,45

2,78

228

.067i. 916

.081

'Ìô c represenüs our best f1t
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The theoretical speciroscopic factor of .981 given j-n

lable 4.3 was obtained z3)Uy assrrming j j coupling and SHM

yyave functions for the three transferred nucleons. the siruc-
ture of 27AI 

"r." essumeC to have the form
z'ue frru'¿arl':;: (ra3gl,:_irrï"- is , the tn1¡e outèr

aucleons v¡ere assumed to ocäuóV ivilsson level #?,'The agree-

ment betv¡een the theoretical and. experimenta.l spectroscopic

factors is extreraely satisfactory for the best fit nctt where

S =:067 L-: !19 e

.t
T More appropriately, for the zzAl(p,cr)tuMg reaction the two

transferred neutrons occupy intrinsic states of Ni lsson orbi t
5, 6 and 7. Expanding thg Ni lsson model wave functions

terms of the shell model v/ave functions one finds that orbit 5

is entirely d5/2 and orbit 6 and 7 have d5¡2 as their largest

component, when expressed i n spheroi dal symmetri c co-ordí nates .

For the transferred proton, since one can consÍder the

ground state of 27A1 as consisting of 2sSi in either the 0+

of th e 2+ state coupìed to a a5 /Z proton hole, tile are led to
assume that the odd proton which is removed from "Al in

tri ton pi ck-up is mostly in a d5/2 state.
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A¡IALysfs oF THE '3*^(p,o)20Neg.s. REAcTIoN

Chapter & U.

Slnce for thls reactlon t{ = 3/z+ ana .lf = o+

we have agaln lt = 2 wlth the result that BADNOD (see 4,a
and appendlx &'a) 1s ar-so 2, based- on the assumptl0n that
the three plcked. up nucleons came from the d 5/Z snel]L"

The proton optlcal parameters were obtaLned. from
our optlcal model flts to the data of the elastlc scatüerlng
of 49.J Mev protonsGl) from '4**, Ttrls was d.one slnce there
vras no data ava11able fo" 23N"" 

However, slnce the varlatr.on
of these parameters from one nucleus to another ls slow and.

snooth and slnce we alread.y know ühat the D¡IBA calculatl0ns
are relatlvely insensltlve 2'46 ) to the proton para¡neters,
thls approxlnatlon should. lntrod.uce llttle eruor lnto our
analys1s. the alpha channel optlcal parayneters ïrere ex-
tracted by flttlng the Jo.! Mev alpha elastlc scattertng 63 ¡
from '0N". Both channel energles r{ere falrry close to the
deslrea 4J"J Mev for the proton channel ?nd the tlne re_
versed alpha channel energy of 55,1 Mev at whlch we neasured
the (pro) angular dlstrlbutlon,

rhe frts for the proton channel are tabulated ln
lab1e 4.4 and are conpared üo the experlmenùal elastlc
scatterlng results ln Flgures 4, i5-4,ur, The startrng
values for the searches were taken from the followlng
references o

(a), (b) and. (c) used. references sz,6t
(d) and. (e) used. reference ss
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Table 4,4

Tabulatlon of the optical parameters givlng the beet

Xz fits to the elastfc ecatterlng of protons from '4**"
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Flgure 4.35

proton elastlc ecattertng from t&**.
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Theoretlcal flt to

-l ì q-

Flgure l+,36

the proton elastlc scaüterlng from '4*u,
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Theoretlcal flt to the

-I]6 -

Flgure 4,37

proton elastlc
2+

scatterlng from PIg.
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Theoretlcal flt to the

-117-

Flgure 4.38

proton elastlc scatüerlng
2L+from Mg.
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lheoretLcal flt to the

-118-

Flgure 4,39

proton elasülc scatterlng from lvlg.
2l+
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Flgure 4. ¿10

24
Theoretlcal flt üo the proton elastlc scatüerlng from Mg.
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Figure 4"41

Theoretical fit to the proton elaetic scattering from 24Mg
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The values for searphes (f) and (g) were þaken from

reasonable guesses for V, ül and. WD uslng the "average" optlcal
parameters 11süed ln reference 67)

The extractlon of the alpha optlcal parameters was

lnlt1ated by uslng the parameùers comespondlng to the best

flts to '4**(d,o)24vts (see chapter 4.a) and. üo those of
16 .T60--(c,(I)--0 (reference 2 ).

The theoretlcal alpha elastlc scatterlng flts to

the experlmental data are shown ln Flgures 4.42-l+,47 along

wlth the comespondlng tabulated optlcal parameters ln
Table 4"J as was observed. ln our analysls of 27lt the varlous

solutlons of the optlcal nod.el flts had depths of the real
well optlcal potentlal grouped about 140, 200 and 260 M,eV,

The Dü,IBA flt routlne proceeded as follows. We

performed a I[rlBA calculatlon for all comblnatlons of all the

sets of proton optlcal pararneters 1n conJunctlon wlth each

set of alpha optlcal parameters whlle keeplng the bound

state parameters flxed. to rt = I.065 f¡n and àt = "860 fh.

These values of the bound. süate parameters were lnterpolatlons
of val-ues extractea Uy 3He elastlc scatterlng optlcal mod.el

flts to 12c 
"rrd. Mg by Baugh et al 5o)"

The result ?rês ¡ as was found. to be the case for
the analysls carrled ouü on '7 *, that only a llnlted. nunber

(three to be exact) of sets of alpha channel optlcal
poüenü1als showed. any promlse of belng able to glve a
satlsfactory flt by varylng r, and a¿" Alsor âs has been

prevlously noted, the calculations were relatively
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Tabl-e 4.5

Tabulation of the optlcal parameters giving the best
D

X- fits to the elastic ecattering of alphas from 20N".



Ne2 o (a,s) Ne'o

r-¡
/Ít\b f:" i(

63)

RSPRINGE
'¡'" g' lt:

0tr
@ r.lr @qÞ

Ë9"t"

V- ( nE 8v)
Ye ('f str)

{r,*eV}
(fs'n¡)

V/r, { í"'i et\f }

fs (f a',,i)

el,, (f ¡'l )

e'(r ('n' u, ; ¡
d.*¡

X' ' (ci i'It" J]

üu ('lsv¡ )

þVn

f'v
eå* (r rvr )

L.4

186.4

r.4

i05.7

1.4

108.8

i.4

264.7

T'Á\ffiF*-[: 4.5
0["" c P-\ [ _ PÆ\ t?,ô{ Ëv,? rî T H ffi s G n v g 

fl-J ffi fii ffi Í} 
"r"

Ft"t- 'fl'ffi 
T["3F F}ffi $=l Í t',,i4[î" [U J"f'I !: D'4"f4

Lî L É,iS "È'Eü $ì(:fi'f '"r" [J" f i g [.J G 0 i,.'

5O.9 ltfieV ALPHAS FROM 
tuNu

a

140.82

1.5i8

. 5913

0.0

46.55

I .416

.4689

i.4

42.7

b

i39.99

1.506

.s784

32.48

1.451

.5824

0.0

t.4

83.5

c

199.92

I .294

.6567

0.0

23.80

L.29t

.6673

d

202.50

1.472

.5523

3i.66

i.384

.5502

0.0

e

265.33

i.458

.5268

37 .7 4

i.366

.5099

0.0

f

258.05

1.351

.5876

0.0

25.96

1.341

.5923



Theoretlcal flt to the
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Flgure 4.42

alpha elastlc scatterlng from 2oNu'
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Theoretlcal flt üo the

-I24-

Flgure 4,1+3

alpha elasülc scatterlng from 2oll".
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Theoretlcal flt to

-1 )q-

Flgure l+,44

the alpha elastlc scatterlng from 2oNu.
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Theoretleal flÈ to the

-126-

Flgure 4,1+5

alpha elasülc scatterlng from Ne.
20
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Theoreüleal flt to the

-r27 -

Flgure 4,46

alpha elastlc scatterlng from 20N",
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Theoretlcal f1t to the
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Flgure 1+,1+7

alpha elastlc 20scatterlng fron Ne,
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lnsensltlve to whlch seü of proüon channel optlcal

potentlals one used.. Thls 1s shown 1n Flgure 4.48 where

flts a, b, c, and d. represenü dlfferent sets of profon

optlcal paremeters.

From now on we cond.ucted. the analysls uslng only

two sets of proton optlcal pararneters' one havlng pure

volume absorptlon (WOO= 0) and. the other havlng pure sür-

face absorptlon (t'¡p= 0 ). !tre also restrlcted' ourself to ex-

amlnlng only the sets of al-pha channel optlcal paraneters

c, d., and. e as Ilsted. ln Table 4,J.

fhe large d.lfferences 1n the theoretlcal angular

d.lstrlbutlon that one obtalns for the slx sets of alpha

channel optlcal parameters for each set of proüon paraneters

are lllustrated ln Flgures þ.49-4.J2 (ftts a üo f correspond

to para,neters Ilsted. on Taþle 4,5).

Flts ct d.r a¡rd. er as alread.y nentloned. abovet were

then exanlned. ln more deüa[l by carrylng out an r¡r at grld

search ranglng over rt = 1r0 - l-.4 fìn whlle åt = ,l+6 - 96 fb.

For the set ¡vlth Ya x 260 MeV we obtalned. an

acceptable f1t to the experlmental results when ln ad.d.lt1on

we used. the proton parârlreters havlng t{Dn = 0 (tfre flt was

not nearly as good when we choos" ptoãî-pã"teüers havlng

"n =j). Thls result ea¡r be seen ln llgures 4.53-l+.56 where

one should. take partlcular notlce of the flt for &t = ,46

shown ln Flgure 4,J6. The agreement ls qulte good (renemberlng

that the overall normallzatlon ls related. to the experlmental

spectroscoplc factor) rlght up to approxlmately 10Oo crroe
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Flgure 4.48

The effecü of d.lfferent sets of proton paraïeters

on the Theoretlcal angular d.lstrlbutlon,
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Flgure 4,49

The effect of dlfferent sets of alpha parameters

on the üheoretlcal angul-ar dlstrlbutlon"
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Flgure 4,50

The effect of dtfferent sets of alpha parameters

on ühe theoretlcal angular d.lstrlbuüIon.
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Flgure l+.51

The effect of d.lfferent sets of alpha parameters

on the theoretlcal angular d.lstrlbutlon.
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Flgure 4.52

The effect of dlfferent seüs of alpha parameters

on the theoretleal angular d.lstrlbutlon'
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Flgure 4.53

The effect of varylng the bound state parameter

rt on fhe theoretlcal angular d.lstrlbutlon.
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Flgure 4.54

The effect of varylng the bound state parameter

at on the theoretlcal angular dlstrlbutlon.
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Flgure 4,55

The effect of varyLng the bound state parameber

rt on the theoreüical angular dis i;ri.bution,
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Ptgure l+"56

The effect of varylng ühe bound state paraneter

aþ on the theoretloal angular dlsürlbutlon.
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(!JO= 0) for the case where we used. ühe set of proton para-

meters havlng WDn = O are shown ln Flgures 4.57 and' 4,58.

The agreement wlth the experlmental angular dlstrlbutlon near

45o coutr was found. to be unsatlsfactory no maüter what val-ues

of r, and a, one used..

For the case YAÉ 200 MeV (WDo= 0) and uslng the

ftre results of a DI^IBA calculatlon for Yaæ 200 MeV

-139-

proton set havltg h = 0 th" flts to the forr¡ard angle elere

qulte unsatlsfactory, Thls result ls lllustrated. ln Flgures

4.59 and. 4.60. However, when we choose the alternate proton

parameters (those for whlch l.IDp = 0) an overall lmprovement

ln the flt üo the experlmental results was observed.. Thls ls

lllustrated ln Flgures 4.61 a¡rd. 4.62 where one should take

partlcular note of the flt for r¿ = L.065 fh and. àt = .46 fm.

Except for the extreme forward. angles, the flt ls qulte

satlsfactory (O.lsregarrilngr &s usual, ühe overall- norrrallzatLon),

An lrTportant observatlon to nake at thls polnt ls
to note that the paraneüers whlch gave the best f1t to the

analysls of 27/.J are almost ld.entlcal to the ones whlch gave

a good f1t for 23Na.

For convenlence we Ilst here the comesponding

sallent parameters.
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Flgure 4.57

The effect of varylng the bound state parameter

rt on the ùheoretlcal angular dlstrlbuülon.
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Flgure 4,58

The effect of varylng the boi¡nd. state paraneter

at on tlne theoretlcal angular dlstrlbuülon.
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Flgure 4.59

The effect of varylng the bound state parameter

rt on the theoretlcal angular d1strlbutlon,
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Flgure 4.60

The effect of varylng ühe bound. state para^meter

at on the theoretlcal angular d.lsürlbuülon.
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Flgure l+,6L

the effeot of varylng the bound state parameter

rt on the theoretlcal angular d.lstrlbuülon.
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Flgure 4,62

The effect of varylng the bound. state parameter

at on the theoreü1cal angular d.1sürlbutlon.
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Notlce also th.at both r¡ values are ld.entlcal to those

extracted. from the 1lteraüure of 3ge optlcal nodel scatterlng
flts to the conespondlng resld.ual nuc1el,

The last case to be d.eart rqlth ln the analysls of
23¡tr* t" that of vc H Zo0 r\ey (ülcr= o) where the proton set of

23¡t,

42,24

g.68

0.0

202.5

3L,64

0.0

r.065

.46

MeV

MeV

MeV

MeV

MeV

MeV

fh

fh

parameters ls the one havlns ttn = 0. Although the ld.entlcal
caser except then we had. lrlDn = 0, has alread.y been dealt wlth
and found to glve unsatlsfactory agreenent wlth the ex-
perlnental resulüs near 4Jo c¡nr we now flnd. the flt has 1n-
proved to the polnü where 1t namonts serlous consideratlon
in the exüractlon of the comespond.lng experlnental spectro-
scoplc factor. (!.igures 4.G3 and 4.G4)

To summarlze then, there are three accepüabIe flts,
shovun, wIüh thelr correspond.lng paraneters and. experlnental
spectroscoplc factors, 1n Flgure 4,65,
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Flgure 4,63

The effect of varylng the bound. süate parameter

rt on the theoreülcaI angular dlstrlbuülon.
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Flgure 4.64

The effect of varylng the bound state parameter

a, on the theoretlca3. angular dlstrlbutlon.
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Flgure 4.65

Shows the three flts consld.ered for the extractlon of the

Experlmental specüroscoplc factor.
Flt c representÊ ühe best flt"
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:fh" theoretical spectroscopic factor of ,0gO was

.d 73)assumi-ng j j coupling and SHIiI rvave functions forcal'cu]-atr

the three transferred. nucleons. The structure of 23Nr *""
assumed to have the form

20* r -r=o *
--Ne core + ktarllj"n* proton in Nilsson orbit r G/ä) 

t
2slruloRttY= o'The agreement between";Ë""i'nuãrutical spectrosc'opic factor

. ('080) and the experimental spectroscopic factor for our best

fit to the 23u*(p,o)20Ne*s angular distribution (.10t.02)

_150-

in good agreement,

* ..À\ r^ As was the case for 27Al (page ii1), the expansion of the

Nilsson model orbit 7, in ternrs of shell model vrave functions,
has as its'l argest component the d5/Z state.



since 4 = o+ * 
"l = 7 /2'we have, on the ass¡npùion tl,at the

(pra) reaction proceeds via ttre pick-up of tr,,¡o ,3/r^rA one f7¡2rnrelæn,

that 1a = 3 arxl RADIüD = 3 (see Àpperdix 4.a) o

As usual we usd as a gruide for the bqrrxl state pararttens the

values o<tracted frcrn opÈ,icaL rodel fits to ttre elastic scatterirgr of a

3-nuclæn cluster frun the residual rn¡eleuso In tåis case r¡re used ttre
50)

values ât = o909 frn and r" = 1"059 frn given by Baugh et at for 3He elasLie

scatterírg frcnr s6Fen

-151-

8!oto:r Chanr¡el QrtÍcal Pæanugters

@tical nodeL fits to the elastLc scattærirgr data of 40 MeV ¡n:otons

on sBNi by elunbeng "t "f8)was 
used to erctract the pro,ton optical parêmeters"

usirg as startirg rralues the paraneters given by r"icke ant satchl*S'),

except that we AropeeA the spin paranæÈers, we cbtaÍnd the fits tabulated

i¡ Table 4"6 ard shcp,¡n in Fignrres 4.66 - 4o70" Fits c arül d are tlæ result

of seardres initíatd bry the use of the "averrye" paraneters given in

refereræ 5l 
"

Alpha Channel Optical- Par.anreters

The laboratory al.pha parbicle energy of the i¡¡¡erse reactdon givi-ng

the required center of rnass energy is 42,1, MeV (see eppeldix 4"b) " Si¡æe data
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Tabulation of tlre sets of qtical nrcdel par-aneters

givirry t}re best fits to the o<perimental elastic

scatterirg of 40 MeV protcrns fr<¡n ssNi"

TABLE-4.6



TAffitffi +6

TPTIGAL PARAftNETHR$ G¡V8NG ffiffi$T
FITS TO Tþ! H ËXPERIfuîENTAK MAT&
OF BLUMBERG et o!* )
@E- THË HTASTIC SCATT'ËRING Offi
40 MeV PROTONS FROM 5s N ¡

v-
r0

FüT
( meV) 39.94 45.64 44.79 4o.g9 4s.s 4
(f m) l.a3l l.lzg Í,lzs l,lgz !.a$s

ffi* {fm} ,7537 .7467 , 7l95 ,7ggg .væ4æ

bV- (meV}
flv {tm}
ün (f s'dr !

W-(meV}
tr$ (f rn)
üs (fm 3

re {fm}

xæ (o nb.)

!!.t0
| .384
.45il

11,34
Í.o 30

" 6å39

8,7?
f.044
.7155

ll.6g
f,367
.6852

2.A I
1"089

"56S9

8.9 g

1"08 s

"569 g

1,3,

5.4 5

L? 1.2

9.6 6 7,92

t.2 g"ä

4"3 7 9"34
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FTGJRE 4.66

@tícaI l"bdel fit to the 40 trÞV pa:oton el-asLic

scatterilg frcrn 58Ni"
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FTGJRE 4.67

optical lvtodel fit to tJre 40 lÞV proton elasLic

scattærirg frorn ssNin
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FTG[,'RE 4.68

Optical tvbdel fit to the 40 }@V proton elastic

scattering fron s8Ni.
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ru5e-

optical l¡odel fit to tìe 40 l4eV pr^oton elastic

scatterirg frcrn ssNi.
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FTGJFE 4"70

Qptíeal l"lcdel fit. to tle 40 lbv proton elastic

scattering fron ssNi"
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was not ar¡ailable for ttre elastic scatterir4r of alphas frc¡n s sco we used
4e)

ttre elaslic scaÈteriry data otr s6F'e fø Eo = 44 luÞY o

A series of searches¡ inítíated at r¡ariotrs depths for the real

optical potørtìa} well (vo) Vielded solutions r{ùich qrcuped about Vo = 140t

2OO and 260 l,þV. of these many fits ræ ctrose ü¡o or rnore frsn eadr gnrcup

(at least one w"ittr Þs = 0 afy] one with Wa = 0) which had the better X2tso

Tle restrltant 9 chosen fits are tabulatæd in llbble 4.7 ard shcr¡n in Figrres

4.7L - 4,79.

DÛüBA Analwis
.r-*

As usua1, tlre resr¡ltant DWBA calorlations roere not rearly as

ser¡sití\¡e to wtrich serb of probn orptical parernetærs was used as tåery vlere

to vJñich set of alpha opLical paranetærs htrre usd. lttris effect is sho^¡n

in Figrres 4.80 ard 4.81 - 4"82.

A üÀþ dirr€nsicnal narrual search, usirg the bo¡rr:l state parafr€ùers

ra and a¿r for each of the five prroton sets in oc¡rbination rrith each of the

nire alpha sets is epífide in Figtrres 4.83 - 4.84 ard re$rltd in a clear

írdication v'¡ttich sets of alpha paraneters ga\¡e ttn better fits. These were

the sets tta\tinq Vo = 140.39 ary] Vo = 137.75 I'þV (bof}¡ tarre prre strface

abeorpEicrr terms).

Fig:res 4.85 - 4"93 ifllicate tte'¡aricus fits obtaired for ümo

sets of proton paranetersr "â" travirg @p = 0 afd "b" havirrg Wn = 0" t}re

æespcnding ptolton paranetens are listed in lbble 4.6" llhe r¡aricus fits
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IB'BLE 4Ö7

Talxrlation of t.l:e sets of cptíea1 model parareters

givíng tÌ€ best fits to ttre ø<perimental elastic

scattening of 44I4eV alphas frcrn 56Fe.





îAE,E 4"7

OPITCAT, PARAMEIER^S GNTI¡{G BE T IETS

ro rttp ÞeERülrENrAt DArA oF socr*ag)
_ THE ETÅSrrc gmERIr.¡G oF 44 ¡4eV ÀI,HrAs FrcM 56Fe

vo

Eo

%

trv

tv

tt

0,0 0.0WD

rD

aD

(¡€v)

(ûn)

(fm)

(¡æv)

(ft)

(frn)

(¡€v)

(fm)

(frn)

rc (ûn)

X2 (arb.)

a

Lgg.76

1.4369

"5325

0.0

b

246,52

L"4256

.5063

000

c

2]'.3"94

1"373

.5V07

39"6

1.3803

,5696

0.0

1.4

9"2

d

260"03

1.403

"5196

38.21

r.369

"5006

0"0

1"4

15.5

e

140"39

1.396

.6I35

0.0

43,72

1"210

.5593

1.4

8.0

f

L37 "75

1.38L

,6310

0.0

51.15

1,104

.6290

104

7.4

E

186.63

1"395

.5690

34"19

1"391

.5610

149"69 200"6

1,420 1"4L4

"5767 "5402

30"63 33"93

L"424 I,402

"5744 "5149

61"31 60.73

1"363 1.349

"3996 .3994

0"0

1"4

14"9

1"4

23"6

1,4

8,9

1.4 1"4

8"5 11.9
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@,ieal I'rodel fit to +JE 44 l4eV alpha elastLc

scatterirgr frons6Fe.
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I{tG.rRE 4.72

@tícal ModeI fit to the 44 ltbv alpha

elastic ecatterj¡q frcrn sGFe.
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FIGURE 4"73

optical !,bdel 1:ít to the 44 l4eV alpha

elastlc seatterlrg f-rom s6Feo
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FrfrTE 4"74

OpEical l-4cdel fit to ttre 44 l,tev algfia

elastlc scattertrg frc¡n 56Fe
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FTGJRE 4"75

OFùícål t'bdel fit to tÌte 44 ¡¡eV alpha

elastic scatterirq frun s 6Fe
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EIGBqå76.

optÍcal lfodel fit to the 44 tÞV alpha

elastÍe scatterlngr frcrn s6Fe
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HTqJRE 4.77

op'tical l,l¡del fit to the 44 I'æV alpha

eLastic scatterirg fron s6Fe
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FTGJRP 4.79

optical lrbdel fit to the 44 t4ev alpha

elastic scatterírq frcrn sGFe
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FIGIJRE 4"79

@ica1 t6de1 fit to the 44 lÞV alpha

elastic scatteringr fron s6Fe
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FTqJRE 4.80

DI,{BA calqllations for the r,¡aricnrs seû,s

of prc'ton optieal paranetøs
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ETG.JRE 4"81
@

DWBA calcrrlations for ttre r¡ariotrs sets

of al.pha @ùieal paraneters
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FIG.]RE 4"82

E[^7BA calcr:lations for the varíotrs sets

of alpha cptical Parameters
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T\npical DWBA fits to tJ"re sanj.(p¡cr) ssCoguso

reactíon for the set of alpha optieal

parämeters rrar! listed ín Table 4.7
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reaction for the set of alpha cptical
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3
lo

2
to

ñ
L-
Ø
\
.O ¡

+¡d
\/

o
Ëlo
()

^l\.t
E
\_l
b to

"ro
\t

-2
lo 

ot 60 90
o..*.

r20 150 å80
(ceg.)

\'.
\.
tt
1".

olr
t'.

",1 
'

þ -".. PROTON PARAMETERS

i\, -o--0

N¡(P,a)
55

C og.s.

Ep = 41.3 MeV

lr'

' 
trt o"o" tttt þ

tr\-t'.Å""..c
.- \ ".
'lrll,¡ taa, 

1.-

l, 'a, t. . ',,"::..
l, '. / \'.'t, ,'\t' \i

il \i;r
\'r I

I | \*r'

58

MEV
MeV
MEV

ro

,t
o
0) i,

i\i'l
:.( /

vp=
wp=
Va =246.

WDr=6O.7
ER. =
11 =

rl'

ot

M

f
f
f

278
1"3f 5
.965

eV
m
m
rn

30



-L76-

F'IGJRE 4.87

T\pical DT^'BA flts to ttp so}{i(pro) ssCon"s.

reaction fon the set of alpha optieal

parmeters nc" listed j-n Table 4.7



3
to

-2
rod

t20

2
o

I

o

L
U'
\
€t

o
Ëlo
c.i

q
î3
\_l
b toE

\J

(oeg.)
60 90

0*.*.

Ga
c

5E 55
C os.u.ru¡(Þoæ)

Ep = 41.3 tuîeV

PROTON PARAÍVIETERS
'1i,,* 

u

t." !
\' I
\". I'*\r,

\lt "..

'"il
ï,'.
\lt,u.,

\a
\ o.
tatl 

e o o ¡ee

vp=
wp=

MeV
MeV

N

+

t*'la, "'o

\'"

I;{{ 
!

\o
\u,
\".

Ve =2l3.9MeV
a= 39.6 M eV
=2.78 f rn
=1.515 f m

01 .=.965 f m

w
r:R.
f1

o0
e

0

e

\

30 r5t !&0



-L77 -

FÏfrIRE 4C88.

r)4pícal r¡qeA fits to the 58Ni(pra) uu"ooo""

reaction for the set of alpha opLieat

paraneters "d' listed in Table 4.7



o9o
e

o
o
ô

5E-- 
fv i ( p,e )ub os.s.

Ep = '{ I-3 fulev

PROTOzu PARAMËTËRS
____G
o............ b

-\ ou

\.n

\'i
\ T.,

\ 'r.
\^ t"- lli

\l',
\r

vp=
wB=

Me
MeV

',bq
l1
ll

I

o
0

VCI =Ê6O. MeV
W c= 38.å M eV
F.R. =2.78 f fff["¡ el.5l5 frn
Ot 

"=.ffiS f m

3
lo

?
ro

A
S-
Ø
\
€
:t.¡ 0

o

o
o

-l
o

Ël
cj

^
^¿\*¡
E
\

bl
E

\,

-2
IO,o 30 60 90 t20

(oeg.)
!5ü 080

Õ*.*.



-178-

FIG'IJFE 4.89

\rpieal DtulBA fits to tÌ€ soNí(pro) SsCog.su

reaction for the set of alpha cptical
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r\æical DI¡JBA fits to the se¡li(pra) ssCog,so

reaction fø the set of alpla c¡¡tical

pareuneters og" listed ín Table 4"7
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1c)2

are tlpical of tåe ones oåtajneC for diJferent values of the bouni state

paran.eters ra ard aa. One can reaclily observe that DI'1"34 fits ha,riry tlb

reqrired sirap€ agrearent with the experircental data betr''een 20o - 9Oo

can be cbtained only for the seè of alpha optÍcal lnran'eters iravirg

Vo = 137.8 lêV (Figure 4.90). Ïhe set havirg Vo = 140.4 lrleV v¡Ïr-ich consísts

of sj¡úIar parameters resulted in a scrng'*nt pcorer DhEAr as velI as

elasLic scatLeringr fit"í-LI!l ¡ .l-I Lo

gr s.mewhat reciucirg at we obtainecl a highly satisfactory.fit

for the s.:t of alpha optical ¡nrameLers havirg Vc = 137.8 shorrn in

Figure â,.94o





-184-

FTGI'RE 4"94

Best DI¡¡BA fit tc, the s8Ni(pro) Sscogos.

reaetion



3
to

2
to

^L
Ø
\
O r

+ld

o
Ëlo
d

^lt-tE
\_l
b toE

\/

-2
lo 

d' 30 60 90 t20 t50 r80
o..*. ( oe g. )

,'^tt

58 .s5
N i ( F,0 )- C0s.s.

Ep = 4l'3 tuîev

ARBITRARILY
NJORIvIALIZED

BEST
FåT

\

¡^ttt\l ils\
\
\

h
t\
l

\l"l
\. \rr,tÍ
\'n,\I lr
lar,^r tr)a.

\ ,\l
cALcULATED\, t,

vAtuE --+. ï'
tt \l-lt.,

Vp =45.6 MeV
WDp= I 1.3 MeV
Vc =1378 MeV

WD s= 51.2 M eV
ER. =2.78 f mf1 =t.3t5 fmot .=.6t5 f rn S=78"4 ¡tb

t"',,ìfi





-185-

Chapter V

ANALySIS 0F ls7Au(pro) REACTION -
A-STUDY OF THE IMPORTANCE OF þfl.JLTIPLE.PARTICLE EMISSION

5.1 Introduction

This chapter consists of a theoretical comparison, based on the

statistical model described in section s.A, to the experinental (pra)

measur€tnents on rsTAu for the four proton energies; 25,52,4l.S and 56.5 MeV.

¡{e will show that the high energy parts of the experimental energy spectra are

inconsistent with the fornation of a compound nucleus and nust therefore be

attributable to direct reaction nechanisns. We will discuss the inportance

of multiple-particle emission in the theoretical yield for the proton energies

of interest.

5,2 Theoretical Evaluation

The necessary inverse reaction compound cross-sections were

evaluated as described in Section 3.4. Since the masses of all residual

nuclei (resulting from the nultiple-particle ernission) are approximately in
the neighbourhood of 195 and since the inverse reaction cross-sections on

these individuål nuclei are not sufficiently well known they were all set

to the same values. The variation of these inverse cross-sections with

energy is shown in Figure 5.1. The inverse cross-sections for neutrons was

kept roughly at 2900 mb throughout the entí:fe energy range. The lack of
precise knowledge of the inverse cross-sections constituted one of the main

uncertainties in the application of the statistical model theory.
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Inverse Reaction Cross Sections for various partieles

as a funsLim of thejr ircldent laboratory enerçn¡
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!^ltren or¡e takes the alpha erþrÐ/ ElectJra, frcnr the lsTAu(pre)

m, obserrrd in the bad<ttard angLes (e !' 1500) and assunes tåat these

riJcutable to the statÍstical nuclear decay rectrarrisrn, r"e obtain (under

Litional assurptíon of iscÈrcpy) the energlt sp€ctra shovsn in Figtue 5"2

r four proton energries 23, 32, 41.3 and 56.3 l¡ev.

Tleoretical crorparisons to this data were rnade by rnr¡¡i¡g the

tensity parareter co fn cne case we used tle ul.q)m4Àr.' r¡a1ues for the
30)

¡ errerrgies (those given bV C$,lmN ) vùrile for the oÈher case $¡e

. paÍrirg enerqíes qual b zerc"

Tle level density paraneter o¡ âs deteñrdned by other authors in
69-72) ,

I their works -' 
turry. fmn å * å 

"g 10.5

Ttreoretically, for a fermi-gas nodel based on qr¡idistant, spacirgrs

cs'le fermicnT ler¡els o* obt^i*Z4)

o, = 2 t\l'/' F 
A where m is tlre nucleon nuìssr A ure atcsnic

nber and ro the radir¡-s paraneter of the residr¡al nucleus irvolved.
L

, A /þ).

Hsrce d = ,05f2 + r^¡trere ro is in frn" For ro = lo4 fm we tsve
-to.o MeV '.

Figure 5"3 slm'¡s t¡te typical variatlon of tle partial widths 11

r¡arious ¡nrticles (i) fonred in the first 'shcÍver'u As one can reaùiIy

11 is,ortrerely r4>id fr¡ætÍcnr of the ler¡el densiQr paraneter o.

atær ttre initial excitatíon of tJle ccnpcn¡n¿ nrrcleus the nue rapid is
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mg5g_*e

Alpha Partiele enerqy spectra fnorn proton bcnrü¡arcbrent of
197'- Au as obsertd for 0" = l50o
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Varíation of flrst shcn¡er partlal wídth

with prdør eneÈ€ry EÞ a¡ri level dørsity prarartleter c

FTG'RE 5"3
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fo
tlús varjationn The r¡ariation of tlre brarch-ing ratio ; hcn¡er¡er is noù,

"l_' f-

at all so rapid, This can be seen þ oaminatíon of . o(pro) for the r¡arious

prrcrton energies in lbbles 5.1 - Sng as ræ11 as by exãrdnirq tlre relatir¡e

displacønerrts of the ca¡î\æs, pertainirg to ttre sane þ¡ of Fígure 5.2.

Q¡alitatively one can readily jrdge t}te inportarce of rnrltiple-
partÍcle snissisr by sirçly exanlnirg tle e valt¡es of tle conres¡nrdirg

reacticns Fig¡¡1e 5.4). Ibrever¡ dr¡e b tlp æulcrnlc banien elperienoed by

the rrarjot¡s reaction ¡noducts, srrch a tabulation ís not too useful. A rrnætt

lllcre ma¿¡rirryftrl tah¡lation can be obtained by subtractírry fmn the Q vafu:es

of the various reactions the average eneû1ry éách particle reroved frcm the

ccrrespond.Srq oøçom rn¡cLeus (rotrich fø eactr particle wilt rnt differ tæ
Irnæhr either r+rith excitation energy c¡r tte mass A of tåe resi&¡al rnrclei

whichareall = 195). Àn€utronreÍrwes = 2rîgr.;tt a proton = 7mev, a deutæn

: I ns¡ trit¡-íIe an alptn particle reÍþves c 18 ¡rsr¡ (these r¡alues arep Canlonb

Bar1ríer + 21') " A tabulation of t}le r¡esultånt iEffætir¡e" Q valuee is tln:s

ertaind (see F.igure 5,5) stp$¡irg inmediateJ.y the r¡elatirre inportance of ttre
varicus par'ticle contributirg to the flrst, eeærd ard tÌrínl (shcþ¡er)

brarntrirry ratios. ttre o<cítatiør energ¡r of lsoHg rlitrich results frcm bcsrbarrtirg

reTAu with prdons is " Þ + 7.1 !,þVn Tttt¡s, fcur o<arrple, one r^,rutd erqpect

contril¡¡tÍorrs to o sp€ctÍa resul.tirg frun the n C cascade to beccrre

significant ørly fø Þ ¡ fO tllev, r¡rhile æntri.bt¡bio¡r frun the dCl cascade

iS rrcrt oçected to æntriJ¡ute significantly rrrtil qp ¿ 40 ¡þV"

Tables 5.1 - 5"8 glr,æ in tabn¡lar form the csntribr¡ticns fr.cm tlæ

firstu secod anl tllird nshcn¡erso (having inteqrated or¡er the pertÍnent eneLrglz

spectra) for the forr proton pojectile erergies of interest fæ t}le case lrihere

-r90-
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rAE€l¿

Tabn¡lation of tlre r¡aricus tleoretlcal æntributions to

tåe alptra particle yield dr¡e to 23 t'4ev pro,ton bcnbarctne:rt of l s 7Au





LEVEL DENSITY
PARAMETER --+

TA BL E s.l

Ep = 23,0 MCV PAIRING ENERGIES: N.RMAL

ExP" CROSS SECTION : .e6 t .10 rnb

EXTRACTED LEVEL DENslrY PARM = A / r'0"4t"4)

A
6.O

A
70

A
I A

9'o
A
¡õ

A
n

A
t2

A
tq.

A
t6.

A
20.

2,26
(-2)

5,r7
(-4)

5 .80
(- 10)

0.00
(+o)

I .70
(-10)

2,31
(-2)

.897

2,23

4,62
(-2)

I .18
(-3)

2,53
(-e)

0.00
(+o)

7.56
(- 10)

4.74
(-2)

97.5

2 s0

g.49
(-2)

2,42
(-3)

1.08
(-8)

0.00
(+o)

3,17
(-e)

2,27
(-10)

2,27
(-10)

8,73
(- 2)

97.2

7S2

0.00

1.40
(- 1)

4 .19
( -3)

2,25
(-8)

0.00
(+o)

7 ,67
(-e)

1.44
(- 1)

97 ,l

2.91

z,zo
(- 1)

7 ,09
(-3)

6.65
(-8)

0 .00
(+o)

I .70
(-8)

5 .29
(-10)

s.29
(- t0)

2,27
(-1)

96 .9

3 .13

0. 00

3.23
(- 1)

r,07
(-2)

7,07
(-7)

0. 00
(+o)

4.46
(-8)

3,34
(- 1)

96 .8

3.22

4.57
(- 1)

1.59
(-2)

1.98
(-7)

0.00
(+o)

9.51
(-8)

4,73
(- 1)

gó.6

3,36

8,29
(- 1)

3 "12(-2)

5.45
(-7)

0.00
(+o)

3,25
(-7)

9.61
(-l)

96,4

3"63

1.36
(+o)

s,47
(-2)

1.18
(-6)

0.00
(+o)

9.01
(-7)

1 .41
(+o)

96 .1

3 .88

2,96
(+o)

1 .35
(-1)

7)7
(-6)

0 .00
(+o)

4,24
(-6)

.695

3.09
(*o)

4 "35

pd

OtP, a o)

O(P,n nc)

X'Y
O(p,xyo)

or,'
%q"^'i'ii

"/oqr' ri#
"¿C,,,".ili

C ( p,o)

C (P,n a¡

C (p,Po)

o( o)

2,26
(-2)NOTATION : + 2.26 x 10-2 nb
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TABLE 5.2

Tabt¡lation of the various tlnoretical crontri-butions to

tte alpha particle yield å¡e to 32 ¡þV prr;Èon bcnû¡ardrnent of rsTAu



32.0

TABLE 5,2

MeV PA¡R¡NG E NERG IES : NORMAL
Ftp
EXP. CROSS SECTION. 2.76 + "s7 rnb
EXTRACTED LEVEL DE NS lTy PARM = A¡ rr2.0 t .s)

LEVEL DENSITY
PARAMETER -.->

C (p,a)

O (P,no¡

O(p,Po)

C( p,d o)

Otp, c a)

C(o,nna¡

: o(p,xyo)
x'Y

or,'
%q,^r'fi

"/"6 2ñ
-sum SHWR

"/"6 3 rd
vsum SHWR

I .59
(- 1)

I .90
(-2)

1,44
(-6)

5.68
(-10)

4.lo
(-7)

L,77
(-1)

89.2

l0. g

3.05
(- 1)

3.95
(-2)

4.93
(-6)

3 "62(-e)

I "49(-6)

3,44
(- 1)

g8 .5

l1 .5

5 .30
(-1 )

7.49
(-2)

I .36
(-s)

1"84
(-8)

4 .59
(-6)

I .33
(-2)

I .33
(-2)

6. 18
(- 1)

85.7

L2,l

'r)

9.36
(-l )
7,22
(-t)
3.06
(-s)

5.91
(-8)

1.07
(-s)

9 .59
(-1)

87,3

12,7

l,2s
(+)o

I .96
(-t)
6.50
(-s)

I .94
(-7)

2.45
(-s)

2. gg
(-2)

2.gg
(-2)

1.49
(*o)

84.g

13,2

2,0

2.4r
(+o)

4.02
(-1 )

2,13
(-4)

1,12
(-6)

8.72
(-s)

2,87
(*o)

85.7

l4 .3

1.77
(+o)

2,83
(- 1)

1,27
(-4)

4.7L
(-7)

4,7r
(-s)

2 .05
(+o)

86.2

l3 .8

4.07
(+r)

7 ,29
(-1)

5.61
(-4)

5.02
(-6)

2,so
(-4)

4.90
(+o)

84.g

15,2

6,25
(+o)

l.19
(+o)

I .25
(-3)

7.76
(-s)

5.97
(-4)

7 ,44
(+o)

84.0

16"0

1,22
(+l )

2,s6
(+o)

4"39
(-3)

r,2g
(-4 )

2.35
(-3)

l.4g
(+1)

82,6

17 
"4

NOTATION: 1.58 x 10-¡ ¡nb
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TÀEILE 5"3

Iälxrlatiør of tÌre r¡arians theoretd.cal contríbutions to

tÌ¡e atækra particle yield due to 41.3 t\þV Frotcn bcrû:arrlrnent of teTAu



CROSS

EXTRACTED

Ep =

EXP.

41.3

TA BL E s.J

fu1ev PAIRING ENERGIEs : N.RMAL

SECTION ' 4.eo * .38 rn b

LEVEL DENSITY PARM = A / rn.n".rl

LEVEL DENSITY
PARAMETER --}

O ( p,o)

O (P,n o¡

o-(p,Po)

0(Pd o)

Ctp, c @)

C(p,n nc)

f o(p,xvo)
x'Y

oru*
"/"n I st

vsur sHwR

o/o(T ?ñ
-sum SHWR

"¿C.,r.ili

6.O

5 .81
(-1)

I .49
(- 1)

6.85
(-s)

3.22
(-7)

2.24
(-s)

8. ll
(-2)

8.ll
(-2)

8,12
(-l)

7r "6

18.4

10 .0

I .05
(+o)

2"97
(-l)

I .90
(-4)

I .49
(-6)

7. 1g
(-s)

| "42(- 1)

L.42
(- 1)

l.4g
(+o)

71.0

19.4

9.6

l.ól
(+o)

4.55
(-l)

3"65
(-4)

5.51
(-6)

I .56
(-4)

2,24
(- 1)

2,24
(- 1)

2"29
(+o)

70.5

19. g

9"7

4,37
(-4)

3.40
(-r)

3.40
(-l)

3,70
(+o)

69.6

21.2

9.2

2 "57(+o)

7,82
(:t)
9.27
(-4)

I .53
(-s)

5.01
(+o)

I .65
(+o)

3.06
(-3)

8.69
(-s)

1.70
(-3)

6.59
(- l)

6.59
(- r)

7 "32(+o)

68 .5

22,5

9.0

3 .55
(+o)

1 .09
(+o)

I .54
(-3)

4 "21.
f- sl

7 "75(-4)

4.84
(- 1)

4.94
(- 1)

s,l2
(*o)

69.3

21,3

9,4

24.2

8.8

I .05
(+ 1)

3.75
(+o)

I .lg
(-2)

6.35
(-4)

7 .83
(-3)

I .39
(*o)

I .39
(+o)

1.56
(+ 1)

67,067,9

23.\

8"9

6 .59
(+o)

2.24
(+o)

5n03
('3)

l.7g
(-4)

2.gg
(-3)

9.66
(- 1)

8,67
(- 1)

9.70
(+o)

', .r.t

(+l )

1.07
(ul)

6.96
(-2)

I,14
(-2)

5.69
(- 1)

3.74
(+o)

3.75
(+o )

4. l8
(*1)

65,2

25.g

9"0

1.51
(+ 1)

5"s1
(+o)

t 'r'7

(-2)

1.93
(-3)

1.60
(- 1)

2 "06(+o)

2,06
(*o)

2.27
(+1)

66.4

24,5

9"1

r{OTAT IO N 5.81 x I0-l'mb
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TÀBüp 5.4

Tabutatim of the r¡ario.ls theoredcal contrlh¡tíons to

ttp alpha particle yield ð¡e to 56.3 l'€V profton bcfnhare€nt of leTAu



TABLE 5.4

Ep = 56"3 MEV PAIRING ENERGIES:NORMAL

EXP. CROSS SECTION ' ls.o t r.o m b

LEVEL DENSITY
PARAMETE R -+

C (p.,c)

O (P,nc¡

C (p,Po)

O(Pd o)

Otp, c c)

O( p,nno)

f o(p,xvo)
X'Y

ouu*

"hn I st
Vsu. sHwR

"/"cl ? ñ
-sum SHWR

"¿q,,".ilî

EXTRACTED LEVEL DENSITy PARM = A / e.st.2)

A
60

A
7.O

A
80

A
9.O

A
iõ

A
n

A
t2.

A
t4

A
t6.

A
20.

| 1.80

| 
(.0¡

I s.o¿

I t-tl
L"r,
I c-sl

| ,.,0

I 
(-s)

5.20
(-4) 

]

7"07 I

c-rl I

,.orl
,-t, 

I

s.sz I

c.ol 
I

sa"c 
I

,o.r l

o32t

3.09
(+o)

I .45
(+o)

5.14
(-3)

1.22
(-4)

1.54
(-3)

l,2o
(+o)

r.20
(+o)

s.74
(+o)

53.8

25.3

20 "9

4.69
(+o)

2,21
(oo)

6,27
(-3)

4. 15
(-4)

3.35
(-3)

1.91
(+o)

7.92
(+o)

8.7I
(+o)

53,7

25 .5

20.8

6.gg
(+o)

3.53
(+o)

I .33
(-2)

9.64
(-4)

8,!2
(-3)

2"69
(*o)

2.69
(+o)

1"32
(+ 1)

s2,g

1

zo.o 
I

I

j

zo.s I

9.42
(+o)

4 "77(+o)

2,23
(-2)

2 "38(-3)

I "43(-2)

3.62
(*o )

3.64
(+o)

'l,,,79

(+ 1)

52.8

26.9

20.4

L.27
(+ 1)

6,76
(*o)

3. gg

(-2)

4.37
(-3)

2.77
(-2)

4"93
(+o)

4 .85
(+o)

2.43
(+1)

52.0

I

I

28.1 I

I

,n.n I

1 .61
(+1)

8.90
(+o)

6.03
(-2)

g .09
(-3)

4 .59
(-2)

6,L4
(+o)

6"lg
(+o)

3.!2
( +1)

isl.6 
|

I

,t.u 
I

,n., I

2 "42(+1)

I "37(* 1)

L,27
(- 1)

2.2g
(-2)

1.07 
I(-1) 
Ig.ts 
I

(no) 
I

I

s.ze 
I

(+o) 
I

4"74 I

c*r) 
i

I

ro'n 

I

zs.s 
I

,n"u I

3.35
( *1)

1.96
(+1 )

2.33
(-1)

5 "5¿(-2)

2 "L4
(- 1)

1.27
(+l )

7.29
(+ 1)

6.65
(+1)

50"4
l

30.2
l
l

ro"a 
I

5"50
(+1)

3"35
(+1)

5 "96(-1)

1.95
(- 1)

6.24
(- 1)

2.06
(+ 1)

2.72
(*1)

1.11
(+2)

49.4
I

"531

19 .1

NorAT loN , t;|i 'Þ 1'80 x ro+o mb
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TABTE 5.5

Tatnrlation of the varlous theoretieal contribuLíons to

the alpha partícle yield dt¡e to 23.0 t"êV prcrtdt bcrrbardflent oJ? rsTAu



LEVEL DENSITY
PARAMETER -.+

TA BL E 5.5

Ep = 23,0 MEV PAIRING ENERGIES: ZERO

EXP. CROSS SECTION : .e6 t .10 mr b

EXTRACTED LEVEL DENSITY PARM = A/10'st"3

A
6.O

A
7.O

A
80

A
9.O

A
iõ

A
IT

A
12.

A
14.

A
t6.

A
20.

9.69
(-2)

4.80
(-4)

2.I8
(-8 )

0.00
(+o)

2.57
(-8 )

9.73
(-2)

99.5

.50

I .80
(- 1)

1.13
(-3)

1.96
(-7)

0.00
(+o)

1,74
(-7)

I .81
(-t )

99.4

,63

3 .03
(-l )

2,30
(-3)

I .19
(-6)

0.00
(+o)

9,27
(-7)

3.05
(- 1)

99,2

.76

4,73
(- 1)

4 .19
(-3)

5. 29
(-6)

0.00
(+o)

3.82
(-6)

4,77
(-1)

99.1

.88

7.00
(- 1)

7.09
(-3)

I .94
(-s)

0.00
(+o)

L,26
(-s)

7,04
(-1)

99.0

I .01

9.80
(-l)

I .13
(-2)

5.25
(-s)

0. 00
(*o)

3.45
(-s)

9,92
(-l)

98.8

I .15

I .33
("0)

1.73
(-2)

l,2g
(-4)

0. 00
(+o)

8.11
(-s)

I .35
(+o)

98,7

I .30

2.24
(+o)

3 .65
(-2)

s,22
(-4)

0.00
(+o)

3 .08
(-4)

2.29
(+o)

98.3

1 .65

3 .45
(+o)

6.95
(-2)

1.43
(-3)

0.00
(*o)

7 ,95
(-4)

3.51
(+o)

98.0

2,04

6,92
(+o)

l. g7

(-1 )

4.65
(-3)

0"00
(+o)

2 "50
( -3)

7 .01.
(+o)

97 .2

2,78

( p,a)

O (P,no¡

O (p,Pa)

C( Pd a)

CtP, a c)

O( p,n nc)

:
X,Y

O(p,xyo)

oru*
"/"n I st

Vsum SHWR

"/oqr' rÎ#
%O.,"ili

NorATloN ' ?:li ') e'6e x ro-2 mb
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TÀSLE 5.6

Tabulation of the vario¡s theoretical eontrib¡tions to

the alpta particle yield dr¡e to 32.0 tqþv prctør bcmbar&nenc of teTAu



LEVEL DENSITY
PARAMETER -.ù

C ( p,c)

O (P,nc¡

C ( p,Pc)

0(Pd o)

C(P,oa)

O( o,nno¡

:
X'Y

O(p,xyo)

or,'
"/"n I st

Vsu, sHwR

o/o(T ?ti
-sum SHWR

7"q,,.ilî

TA BL E s.6

Ep = 32'o Mev PAIRING ENERGIES i zsRo

EXP. CROSS SECTION' 2"76 t .s7 rnb

EXTRACTED LEVEL DENslrY PARM = A/ (e'3t'3)

IA
Iuo

A
7.O

A
8.O

A
9.o

A
tõ.

A
n

A
12.

A
14.

A
16.

A
20"

1,.,,1,.,,
I 
c-rr 

I 
c-rr

| 1..57 lS.gs
I c-zl I t-zt
Io.r, L.0,
I 
c-ol 

I c-sl

lr.os lz.+s

|.-'o' l(- 
1o)

1s.64 lt.zq
I c-ol I r-sl

lo.o, I u.uo
I c-zt I t-zt

o.o, I u.uo
(-z) I t-zt
,. rn I n.n,
(-r) I c-rl

no.o lrn.n

z.Bl ,. -

I7.2 
I 

u.,

I 1.44
I (*o)
I

6.27
(-2)
3 .61
(-s)

3.69
(-e)

4.49
(-s)

I .01
(- 1)

1.01
(- 1)

1.60
(+o)

8

9

5

89

3

6

I 2.L6
I (*o)

1,.0,
I c-rl

lr.oo
I (-s)
I

L.4L
(-8)

1.02
(-4)

1.44
(- 1)

L,44
(- 1)

2.4r
(+o)

89.6

44

6.0

I s.07
I (*o)

1,.,0
I r-rl
lr.uo
I c-+l
I

| 4.43
(-8)

2.75
(-4)

1.96
(- 1)

1 .96
(- 1)

3.44
(+o)

89.4

4.9

4.18
(+o)

2,54
(- 1)

)q?
(-4)

1.20
c-7)

4.34
(-4)

2. 58
(- 1)

2.58
(-1)

4.70
(*o)

5

1

4

9

5

5

s.+s la.zz lt.za(+0)l(+0)l(*i)
tls.63lo.oslt"to

(-r)l(-r)l(+o)
u.o, I ,,.r, Ir.ru
r-+ll6-s¡lc-rl
,.rulr.rolo.o,
c-zll¡-o1lc-ol
a,ozIs.qaIt.sz
(-¿) I c-¡l lt-zttt
t.rn lo.nr l r.no(-r) lC-rl lc-rltts.zs lq.ge lz.oa
(-1) lc-tl lc-tltt
6.19 lg.sg lr.¿o
(+o) l(*o) l(+1)

88

6 7.6

5

6

B

87

4

3

7

8

9

l8

5

5

12"s0
| {*rl
I

I 2.42
(+o)

9.07
(-5)

2.26
(-s)

7.20
(-i)

1.ls
(no)

1 .16
(*o)

2.67
(+1)

86.6

9. 1

54

I

NOTATION , i:lí-5.03 x ro-1 mb
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TAB[.8 5¡7.-

Tabulation of tle varicus theoretical eontribr¡tions to

tJæ alptn particle yield due to 41.3 t€V plort6¡1 bcrrtcarrenent of reTAu



Ep = 4t")

TABLE 5.7

MeV PAIRtNG ENERG tES .ZERO

ExP" cRoss sEcrloN:4'so t'38 mb

EXTRACTED LEVEL DENSITY PARM = A /G.OJ"2)

A
6.O

A
70

A
m

A
9.O

A
lo

A
n

A
t2.

A
t4.

A
t6.

A
20.

lt.39
l(+o)

1.04
( -1)

1. 10
(-4)

7.r7
(-8)

1. 18
(-4)

3.57
( -1)

3 .57
( -1)

1. 85
(+0)

75.L

j.6

L9.3

?_.39
(+0)

2.08
( -1)

3.14
(-4)

3.89(-7)

3 "52( -4)

5.85
( -1)

5.85
( -1)

3,18
(+o)

75,4

6,6

18.4

3.72
(+0)

3.69
( -1)

7 .49
(-4)

r.56
(-6)

8.78
( -4)

8.85
( -1)

8.95
( -1)

4. 98
(+o)

7 4.7

7.5

17" I

5.42
(+0)

6. oo
( -1)

r"56
(-3)

5.0f(-6)

1. 91
(-3)

1,26
(+o)

L,26
( +0)

7.28
( +0)

74"4

8.3

17.3

7 .49
(+0)

9. 10
( -1)
2.95
(-3)

L"36
(-5)

3 "75(-3)

1.71
( +0)

1.71
(+0)

1.01
(+t)

7 4.O

9.1

16 "g

9.93
(+0)

1. 31
( +o)

5 "L4(-3)

).26(-5)

6,76
(-3)

2.24
(+0)

2.24
( +o)

L.35
(+t)

73,6

9.8

L6.6

L.26
( +1)

I.80
( +o)

8.40
(-3)

7.03
(-5)

1.14
(-2)

2 "84(+o)

2.84
(+o)

r.7 4
(+1)

73.2

10.5

16.)

r. 93
(+1)

3.10
(+0)

r "93(-2)

2 "61(-4)
t .70
Lc I J

( -2)

4.27
(+0)

4.27
(+o )

c ç,.7

(+r )

72.8)

11. B

L5.4

2.7?_
(+1)

4.82
(+0)

3,85(-2)

7 "Bl(-4)

5,85
( -2)

6,01
(+0)

6.02
(+0)

3. 81
(+1)

7l-.3

L2,9

15. B

4,58
(+1)

9"5L
(+0)

1, l-6
( -1)

4 "9J(-3)

r,g4
( -1)

1. 08
(+1)

1. 09
(+1)

6,65
(+1)

58" B

I

14. Bi

L6,4

LEVEL DENSITY
PARAMETER -->

C (p,a)

C (P,na¡

C(p,Po)

C( pd o)

Ct P,aa)

O( P,nnc)

:
X'Y

O(p,xyo)

orut
%q",.hi

"/oqr' rÍ#
"¿q,' rili

r,39
(+0)NOTATION: = 1.39 X lOC mb,
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TRBT,E 5.8

Tabulatiør of the r¡arious tjreorneLical contributiøs to

the alpha particle yield dr¡e to 56.3 FeV proton bcrnbarùrcnt of lsTAu



Ltp

TA BL E s.B

56.3 MeV PAIRING ENERG IES

EXp. CROSS SECTION' ls.o + r.o m

EXTRACTED LEVEL DENSITY PARM

. ZERO

b

= A / e.B!.2)

LEVEL DENSITY
PARAMETfR ---}

C (p,a)

C (P,nc¡

C ( p,Po)

C( pd o)

CtP, a a)

O(p,nnc)

:
X'Y

O(p,xyo)

or,,'n

%q,^'Hi

"/"6 ?ñ
-sum SHWR

"¿q,'.ili

3.96
(+ol *

A
60

A
70

A
8õ

A
9.O

A
to-.

A
n

A
14.

A
12.

A
16.

A
20.

3.96
(*o)

6.25
(-l)
'r'r)
(-3)

9,47
(-6)

2.30
(-3)

2. l5
(+o)

2.15
(+o)

6,74
(+0)

1

sa.a 
I

,::l

6.40
(+o)

l. 15
(+o)

s,47
(-3)

4.06
(-s)

6.r7
(-3)

3.38
(+o)

3.39
(+o)

l.0g
(+1)

58.5

10.6

30.9

9 .51
(+o)

l.g0
(+o)

1.16
(-2)

L.34
(-4)

1.40
(-2)

4 "93(+o)

4 .93
(+o)

1,64
(+1)

58.2

.8l1

50.0

I .33
(*r )

2.gg
(+o)

2,18
(-2)

3.66
(-4)

2.79
(-2)

6,77
(+o)

6,78
(+o)

2,30
(o 1)

s7 ,7

12.8

29 .5

L.76
(* l)

4. 15
(+o)

3.77
(-2)

9.63
(-4)

5.05
(-2)

8.90
(+o)

8.91
(+o)

3.09
(+1)

s7.4

13.7

28,9

2.26
(+l )

5.6ó
(*o)

6.07
(-2)

l.g2
(-3)

8.49
(-2)

1.13
(+ 1)

1.13
(+t)

3 "97(+1)

56.9

.6L4

28.5

2.80
(+l)

7 .44
(*o)

9,24
(-2)

3 .50
(-3)

1.34
(-1)

I .39
(+1 )

I .39
(+1)

4 "96
(+ 1)

56. S

l

,r.o I

,, ", I

4.02 | 5,39
C.r) I 

(+r)

t Jt I t.zo
t. rl 

| 
("r)

l.gg I g"so
(-t) 

I 
(- 1)

t.os I z .sz
GÐ I G2)

,.n, I ,.ou
r-rl j (-r)
t.gz I z.oo
(+l) I (+t)

, .nrl ,,u,
(+1) | (+t)

,.rrl n.rn
C.t) I (ol)

,r., Lo.n

i

lo.s I ts.3

,r.rl ,r.,

8,37
(+1 )

2.96
(+1 )

9.2!
(-1)

I .01
(-1)

L,44
(+o)

3.96
(+1 )

4.01
(+1)

1.56
(+2)

s3.7

20,5

25 .8

NOTATIONI : 3.96 x 100 mb
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FIGT.'RE 5.4

Q r¡alues for the errission of

r¡ario,rs parÈÍcles frcrn leottrE
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FICIJRE 5.5

"Effeetive" Q r¡alues for the

enríssion of r¡arious particles fncrn r e sqcr
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we have NORMAL pairing energies and. for the case where we

have set all the pairing energies equal to zero. The effect

of the pairing energies 1s to change the relative importance

of successlve 
tt"ho*"""tt. 

Thus for exampler w€ see from Tables

5.2 and 5.6 that for Eo=32 Mev r üsir,g "NORMALtt pairing ener-

gies, the 3rd ehower contrlbutes x7/o to the total alpha epec-

trum while it contríbutes =6% when all the pairing energies

were set to zero. Reactions such as (proc) and. (prda) which

just exceed the "Effecti.r"" Q values for En=32 MeV are

expected to be more sensitive to the velues of the corres-

pond.ing pairing energies and this can be seen to be the case

on compari-ng the corresponding yields shown 1n labl-es 5.2

and 5,6 .

From Table 5.L-5.8 one can note that the predominant

contributions to the second and third showers are the n(t

and nnd cascades respectively. This is consistent with the
Itn

tabulated Effective Q values of Figure 5.5. Tables 5,:,.-5.8

also glve the level density parameter (in MeV-l) extracted

by matching the theoretical and experimental alpha particle
yield obtained by bombard.ing I97Au with protons having the

four energies investlgated.

Figures 5.6-5.I2 show the relative inrportance of the
nrl_1various showers to the energy spectra for o=A/10. }1eV-'

and o=À/8, lt¿eV-l for IJo=21 MeV, )2 MeY, 4l-.3 MeV and 56.3
rt tl,

MeV ( 'NORMAL"ST ). From theee figures one can readily observe

that
a) Contributione from all ehowers increase with
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FIGURE 5.6

Contributions fron lst and 2nd ilshowersrf

to the alpha pertlcle energy spectrurn

resulting fton 23 MeV proton bombardnrent

olt I 9 7Au
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FIGURE 5.7

Contributions, from the various showers,

to the theoretlcal alpha particle energy

spectrum resultlng frøn 32 MeV proton

bonbardnent of reTAu



E ro'
\a
e

trj-(f
\

t)
ï)

ro

2

ro

o
ro

I

ro

27
(n¡ev )

t9
Ee

4

_ TI{EOR ETICAL 
-ALP}IA PARTICLE ENERGY SPECTRUfuT

FROM PROTON BOMBARDMENT OF
reTAu

TOTAL

c =A /gA UeV 
I

Ep= 32o MeV

8; = NoRMAL

st SHOWER

/---\

I ,l'I ./ \
fzna sHowER \

'****\
\
\

T

l+' '+.

f-ï ì
\
\
\

' ,/r.
Srd SHWR i

+.

t5 23 3I $5



-204-

F IGURE- 5 ."9

Contrlbutlons, fron the various showers,

to the theoretical alpha pertlcle energy

spectrun resulting fron 32 MeV ¡rroton

bonbardnent of lsTAu
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FISURE s.9

Contrlbutions, from the varlous showers,

to the theoretical alpha perticle energy

spectrun resulting from 41.3 MeV proton

bonbard¡nent of l eTAu
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FIGURE 5 
" 

IOæ

Contrlbutions, fron the varlous showers,

to the theoretical alJrha partlcle energy

spectrrm resulting fron 41.3 MeV proton

bombardnent of leTAu
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FIGURE 5"IIæ

Contrlbutions, fronr the various showers,

to the theoretícal alpha perticle energy

spectfun resulting fro¡n 56 I'leV proton

bombardnrent of teTAu
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FI;IJRE s.12

Contrlbutions, frorn the various sholers,

to the theoretical alpha particle energy

spectrum resulting frorn 56 I'4e\¡ proton

bonbardment of lsTAu
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increasin8 EO"

b) The contributions frop aII showers increases as the

Ievel denslty parameter C is reduced.

c) The energy of the peak in the energy spectra increases

with decreasing 0.

d) The retative contributions from successive 
tt"horr""""

increases with increasin8 EO. That is, as the excitation of

the primary compound nucleus increases the third shoiver sây¡

becomes more and more important relative to the preceding

shower(s).
Figures 5.i-3-5.16 sholv the ',¡ariation of the 

ttTOTAL"

(sum of the contributions from all the shor¡¡ers ) energy spec-

tra for various O anrl compares them to th.e experimentally

obtained energy spectra,

VrIe can readily observe that successive showers have

their greatest influence on the lower energy part of the

alpha energy spectrum. The peak of each successive shower

also shifts to Loler energiee, Although as d decreases these

successive showers become more important ühe average energy

cf all showers increaÊes , with the net result ühat for the

proton range 20-60 MeV the average alpha particLe energy in-
creasea somewhat with decreasing level density parameter 0 o

For the four proton energiee 2) MeV, 32 MeV, 4L.3 MeV

and 56,3 [1eV we have extracted the leve] density parameter

in two ways:

i) Varylng O until one obtains agreement between the

theoretical and experimental alpha particle yield. The values
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FIGURE 5.13

Variation, wlth level density ltaraneter d,

of the theoretical alpha partlcle energy

sJtectntn resulting fto¡rt 23 MeV proton

bmbardnent of leTAu
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FIGURE 5å14

Varlation, wlth level density parameter d,,

of the theoretical alpha particle energy

spectrun resulting from 32 IÚeV Froton

bombardnent of IeTAu
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FIGURF 5.I5

Variation, with level densl.ty îrarameter dt

of the theoretical a.lyrha particle energy

spectnrm resulting fron 41. "3 lreV nroton

bonbardnent of leTAu
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FIGI'RE 5. 16

Variation, with level density paraneter cû

of the theoretlcal alpha particle energy

spectrum resultlng fron 56"3 IaeV proton

bonbardment of ¡s7Au
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of o so extracted are given in Tab1es 5.1-5.8 .

iÍ) Varying o Bo as to increase the theoretieal alpha

particle yield to the point where .4¿ part of the ener€çy

differential alpha particle yield exceeds the experlrnental

yJeld ( ttris is henceforth d.enoted as trmatching of energy

epectra" ). The resuLtant vaLues of C thus extracted are shown

in Figure 5.17 along with those given by method io

Clearly one can see that the level density parameters

extracted by these method.s are not constant with proton energye

Figures 5.18-5.28 show the analogous results with a1l- the

palring energies set to zero, The values of the extracted level

density parameters obtained by the previously described tech-

nique are also shown in Figure 5.17 o

This variation of leve} density parameter with incídent

proton energy in ad.dition to the faet that we cannot obtaln

any reasonable agreernent j.n shape between the theoretical and

experlmentaL alpha particle energy spectra supports the con-

clusion that even for extremely backward angle measurements

there exists an overwhelnÍngly large contribution to the alpha

particle energy spectrum which resul-ted from non-statisticaL
processeg.

Angular Momentum effects åre not expected to be respon-

sible for this vari-ation of C with bombarding energy. This has

been noted by other authoreTz'37),

A eomparison of the proton yield,obtained from inel-astic

proton scattering from 1974u for EO=31 MeV as measured by

Eisberg et al 75),rith the theoretical yield (using Q=A/ 10 MeV-l)
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FIGURE 5.T7

Variation of the level density paranëter yielclÍ n¡1

agreem€)nt with the experimental results (assuning

the extreme backward angle measurernents are

predominantly due to the evaporation mechanisn)
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FTGURE 5.18

Variation of the first shower partial width

with EO and the level density parameter a

for the various product Particles
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Contributions,

theoretical

resulting fron

-2I7 -

FrsgRE s.19

from the various showers, to the

alpha particle energy spectrun

23 lleV proton bo¡nbardnent of ¡e?Au
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FIGIIRE 5 .20æ

Variatjon, with level density paraneter c, of

the "totalfr theoretical alpha particle energy

spectrurn resulting ftcfn 23 l'teV proton bombard¡nent

of leTAu
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FIGURF, 5 
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Contributions, fron the various showers, to the

theoretical alpha particle energy spectrun

resulting f¡on 32 lrleV proton bombardnent of IeTAu
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FIGURE 5.22

from the various showersr to the

alpha particle energy spectÌt¡Íl

32 MeV proton bo¡nbardnent of rsTAu
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FrslJRE 5 .23

Variation, with level density Þarameter o, of

the "total" theoretical alpha particle energy

spectruÍì resulting from 32 MeV proton bombardment

of ls 7Au
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FIGURE 5.24

Contributions, from the various showers, to the

theoretical alpha particle energy spectrun

resulting frotn 41.3 MeV proton bonberdment of leTAu
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FIGURE 5.25

Contributions, fron the various showers, to the

theoretical alpha particle energy sPectrum

resulting fron 41.3 MeV proton bonbardment of lsTAu
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FIGURE 5.26

\¡ariation, with level density parameter d, of

the f'totalil theoretical alpha particle energy

spectrun resulting from 41"3 MeV proton bonbarclnent

of I eTAu
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FJGURE s"27

Contributions, from the various showers, to the

theoretical alpha particle energy sfectrum

resulting fro¡n 56"3 MeV prôton bonbarclment of rsTAu
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FIGURE 5.28

Variation, with level density pâTaneter c, of

the "total" theoretical alpha particle energy

spectrun resulti.ng from 56.3 MeV nroton bombardment

of I eTAu
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gave the result t'nat the theoretical yield was onJ-y J,i4 the

yleld extracted from reasonable extrapolatj-on of the experi-

mental cross-section to l-80 multiplied by 4Tr . This again

indicates that particle emission appears to be occuring be-

fore thermal equilibrium is established that ier direct inter-

actlons predominate at a1l- emission angles,

Nolry since ø(SUM) increasee aa 6l is decreased and we have

found. that by cornparlng either theoretical and experimental

yields or "matching of energy spectrumn the level density

parameter A increases with increaslng En we can conclude

that non-evaporation processes (for measurenente taken in the

extreme backward angles) are becoming lees pred.ominant as tO

increases. Thls is consistent with the observation of Dubost

et a176)" They concl-uded. that for the emission of alpha par-

ticles from Bismuth ( similar results would be expected. from

all- the heavy nuclei ) the cross sectj-on could be broken up

into an riirect interaction component and an evaporation com-

ponent( for convenience we reproduce their results, based on

the works of M. Lefort "t ^L77) 
as an insert into Figure 5.17)

where the evaporation component exceeds the direct interaction

component when Ep 
= l5O MeV.
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CHAPTER VI

CONCIUSIONS

A. Statistlcal Model

We have seen that the alpha spectra from proton

bombardment of l97Au all have forward-peaked angular distri-
butioflso This ie characteristlc of some sort of direct inter-
action mechanism. Even if it is assumed that the spectra
observed in the extreme backward anglee are predominantly due

to the evaporatíon mechanisrn the disagreement in shape between

the experimentaL and theoretical alpha spectra as well as the
variati-on of the leveL deneity parameter with incident proton
energy indlcates that thie is juet not soo That is, direct
interaction mechanisms seem to predominate at al-l angres for
(prCI) reactions on 197Au (and presumabLy for all heavy nuclej-).

'Ife can conclude however that since the l-evel density
parameter, rpquired to trflt'r elther the "yieldtt or the ,rpeak,,

of the experinentar arpha epectra of these backward angles,
decreaBes with increasing proton energi-ee the non-statietical
processes are becoming lees predominant aê the projectile energy
ie increased. This is in agreement with the higher (up to i5o
Mev) projectile energy work reported by Lefort et 

^r77),the conclueions as to the theoreticar importance
multiple-particle emiseion on the alpha epectrum observed
20-60 lvlev proton bombardment of 197Au can be convenientry
marized as shown in Figure 6.1. Here we have protted the T"

the yield rlue to each shower as a funetion of the incident

of

from

sum-

of
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Figure 6.1

Theoretical /, of alpha particle yield

of the various showers, using leveI density

pararneters for the different proton energies

which gave agreemen¿ vrith the experimental

alpha particle yield observed from backward

angle measurementg.
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proton energ,y . The value of the l-evel density parameter used

were tbose which gave the Bame 'ryield'r as was exper'imentally

obserrrerL in the (extrapolated) extreme backward angle measure-

ments. One can readity observe the effect of the pairing

energies on the relative importance of the various sholvers

and how, âS one ,¡roul-d expect , the conbrihut ions f ror'l al1 tìre

showers become of equal importance in the high energy limit'

This is expecteri. to occur rvhen Ep== Q values for the vari.ous

reactions involved in each shor¡¡er. The effect of multiple-

particle emission depencls on which part of the rrtotal-tr theo-

retical alpha spectrum one examj-nes. The successive generations

of emission have the greatest effect on reshaping the lower parts

of the alpha energ.y spectra. The highest energy parts were

aÌvrays influenced most by the first rrshower'r.

Clearly there is a need to take account of multiple

particle emission in orrLer to make a proper evaluation of the

compound nuclear statistical model-. However the usefulness of

taking account of successive emissi-ons will only become apparent

when it can be applied to analogous reactions which are not

predominated by direct-interactions. Perhaps its application

to 1-ighter targets, where compound nuclear effects are known

to be relatively more important 79) woul-d be more suitable.

Unfortunatel¡l some of the approximations used in the calculation

of mul-tiple-particle emission would then no longer hold as welI

as they do for the heavy nuclei. However further investiga,tion

along this line should prove interesting and fruitful. To make

a substantially greater use of the multiple-particle emission
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code ineasurements of all the possible reaction prod.ucts woul-d.

be of interest since one can then check for consistency in the

application of this model. :

B. Valid.ity of Pick-up MechanÍsm j-n (p.CI) Reactions.

We have seen ho',vr using reasona.ble parameters for the

optical parameters in the DÌ'IBA code, a more or less unique and

eetisfactory theoretical fit could be obtained to the (pra)

experimental angular distribution of 23Nu urrd 2?41. In ad.dition

vie obtained, for these unique (best) fits, quantitative agree-

ment (within experÍmental errors ) betrveen the theoretical and

experímental spectroscopic factors, Yle thus conclude that the

trif-og-p.i-ck-up*-IngchalJ'--sm is the predomjnant reaction lie_clianism

for" the ee re act iollg,

The fit to sBi'{i was quite reasonable ancl yielded an
't,

experinrental spectro,scopic factor of i.08. The theoretical
spectros copi c factor was not cal cul ated.

The systematic application of the Ð\YBA code proceedecl

as folle'v',,so One obtains a number of sets of optical model

paranieiers.from theoretical elastic scattering fits to the l

suitable elastic scaitering data perta.ining to the entrance

anC exÍt channel-s of ihe (pr0) r'eaction. Using realistic values
for the bound state parameters (as obtained from 3li o" 3H"

el-astic scattering fron the resiclual- nueleus) lve removed the

degener.acies (almost identical theoretical angular distr.ibutions)
of the proton parameters in combination r,vith the sets of alpha
pararneters. Usually this'*.u.,." thaü there lvill remain tv¡o sets
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of proton parameters (those with the best X2 in the elastic

fitting routine), one vrith pure surface absorption and' the

other with pure volume absorption. there should usually

remain six sets of alpha parametersr one with pure volume

and the other with pure surface abeorption, for each of the

three real well depths ;vL4O MeV, 3 200 MeV and X 260 lTeV.

A cl-ear choice of which proton set- alpha set of parameters

gives the most reasonabLe shape should then become evident.

If not, then one needs to carry out a two-dimensional search

over ¿i reasonabl-e range of the bound state paramq'ters (rrrar)

for these 12 combinations of proton-alpha sets of parameters.

Stressing a fit to thè forward angles ( 0=gO" ) one shãuld

then obtain a more or less unique fit. If mor=e than one good

fiL"vrer¿ obtairred for''thc forviard angle a, uere the backward

angJ-es to decide '¡ihich is more suitable. Extract the spectro-

scopic factors for the best ana next best fits usi.ng the ratio

of the experimental- to theoretical partiaL cross- sections.
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APPEI\IDIX 3.A
THE VALIDITT OF THE ASSI'MPTION

OF TNFINTÎE MOMEITT OF TNEBTTA

The assr¡mptlon t]nat the monent of lnertla of the
targeü nucleus was lnf1n1te was necessary 1n order to süud.y :

the nultlple-partlcle emlsslon process slnce the lncluslon
of angular momentum lnto ühe fomallsn would. lncrease coÍl_
puüat1ona1t1nesbysevera1ord'ersofmagn1tud'ethusmak1ng

then lnpractlcal. rn a*y caser the 1nclus1on of angular
momentum effects would .only lnùrod.uce more uncertalnüles
lnto the calculatlons slnce even less ls knouna about the
lnverse parülal cross-s€cülons than ls larorrn about ühe

lnverse toüal reactlon cross sectlono

The n'nber of süaües v¡lth angular momentum J ls,
for the Fernl-gas mod.eI, glven by 24,35 )

r¡(E,J) = (zJ + L)2 erp t _(¡+1,/z)2 /z"rlø(n)tr (zcr)3/z
where .h2 - moment of lnertla of nucleus tT= nuclear
temperature d.eflned. by :

'a

+=æå#fÐ-Jr--- å[=#] where :
t=,5 (r+,f1*4æ) t I ::

a
The moment of lnertla of the nucleus , "h2, ca' be

shom 24'31 '43 ) ,o ou equal to the rlg1d body moment of 
.,

lnertla (z ¡qgn2) ror nucleons movlng lndependently ln a5
central potentlal (Ferml-Sas ).

For a Feml-gas 0= z l_o__\4/3 t 
"o2 A\T_, T7
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r^rhtch for ro = 1.4 rn ylelds a = A/ lO. (fVeV il

Flgure 3,Al shovrs the value ot 
+ 

as a functlon of the

excltatlon energy E (under the assumptlonqT!.z,?O)
10.

We wil-1 now justify the aseumption that
f Ò 2 - lerp f (J+t/?)'ñ - /znl x 1 for alL J values of

lnterest. Classically 1 = ln' V B where mt ls mass of- max --T-
proJectlle V ls lts veloclty and R ls the lnteractlon
raðge of the Earget nucleon poüent1a1. Now f - 2 M A 82,T
hence settlng 1*r* = J + l/2
(¡+t/z)zhz -, m'2v2 ; lf the proJectlle ls a proton -m = -ú'

2T. ,BmA
and hence rre have

T zaexpl-qrï- | : For the maxlmum excltatlon of 50 MeV the-1.ffij
argrment ls (referrlng to Flg. 3,Al îor I/T) = -.375. For

40, 30, 2oo 10 MeV they are -,325, -,293, -.233 and -.!ZB
respectlvelyo

Thus

, 68 
= "*p [- 

( r + t/ z)'h' / rrrf= ,
and we have justlfled our assumptlon to a falrly hlgh degree

of accurâ.cgo The more reallstLc assumptlon thaü the spLn

of ühe compound. nucleus ls less than h"* Lends even greaüer

support to the above approxlmatlon.
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Flgure 3"AI

Varlatlon of (nuelear temperatur.)-1

wlth exclEatLon energy
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APPENDTX 4 A

Detemlnatlon of BADNOI)

îhe II,IBA computor cod.e requlres as lnput the

rad.lal quantum number N (whlch ls ca]Ied. BADNOD) for the

centre-of-mass motlon of the three plcked--up mucleons

clustero

FTADNOD ls d.etemlned. as fol1or¡so One must assume

iorowled-ge of the slngle partlcle states (nnl) of the three

plcked--up nucleons, Ðenoüe these as n111 , rZIZ, n3I3"

Assumlng that the central potentlal cart be

approxlmated. by a haruonlc osclllator potentlal one cafl re-

couple the slngle partlcle states lnto a cluster celtrn lItotlon

and- am lnternal motlon to obtaln 68)

For two partlcles

(slngle partlcle staùes) (cluster cunn ) (Internal motlon

where N'= cluster rad.lal quantum number o L'= clust€r angular

momentum, n' = relaülve radlaI quantum number and ]'= relatlve

angular momentum.

Slm11ar1y for three Partlcles
(clusüer c.m" ) + (Internal notlon) + (znj + 13)

-.(2N+L). +,(?r1" +1"), +,(2n'+1')

3 partlcle eluster c¡rlc Intenral noülon of 2 partlcle
2 partlcle cluster lnternal
wlth 3rd notlon

In the UI¡BA cod.e IT,TRIT = L r the (trtton) cluster

c¡me angular momentum"



-237-

Hence

(ãtr+11) + (zrZ+LZ) + (ù\+ 4)
= (2¡¡ + r,) + (à1" + 1") + (fu-L' + 1')

ïf ln ad.d.ltlon we assr¡me that all three partlcles of the

ürlton are ln a¡¡ 1 s süaüe the lnternal motlon of any two

partlcles has nr = lt = 0 a¡rd the lnternal motlon of the

troo partlcle cluster wlth the üh1nl partlcle also has

tlt = 1" = 0

ilence

N = BADNOD = (ãtf + 11) +(àt2+ L) + (h3 * 13) - l,
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APPM{DTX 48

We d-erlve here a slnpIe relatlvlstlcally-

correct expresslon for the tlne reversed' (cl,p) laboratory

energy of the light ouügolng prod-uct (o) yleldlng the same

center of mass energy as d-oes the fonrard- (prg) reactlon.

Assume the fow¡anù reactlon has the foru

rna(n,, nr)n4 + Q wlth F the laboratory klnetlc energy of m1r

whlle lts inverse n4(n3, n¡)ng-Q has a laboratory klnetlc

energy of R of n3 yleld.lng the same center of mass energy.

Slnce the square of the four-vector momentum ls
22

an lnvarlent (Þ1+þr, 1(81+82) )"= (Þ1'+þr', r(Er'+82') )-

where the prlned co-ordlnates d.enotes c of mass. Thus
t

since F'r+Þ'r= 0 , (Fr*Feo i(Er+Er) )'ro""o*o = -(c. of mass

energy)2 sinllarIy
(õ3+ñr, r(Er+EU) )'*ur"rED + -(c. of mass 

"rr."gy)2

t),
( p1"-nt --^2--2 m2E1

222
)nonw¿np = tr,32-nr2-^u'-2r,3o.4)nnvnnsnp

and. cancelllng
22n3 +m4 + tu3nU + ?tuu

22
+ (m1+n2 ) - (n3+n4 )

T
Thus R=m2F

nþ

Hence slnce(EzÞ ^2,(uru)¡ tu,(î"2)¡ o and(Þ¿r)r= o

Slnce p1 =Et -nt ,81= F+n1 , Þ3 =8, -n, and- Er=R+m3 we

have upon substltutlng
22ml +m2 + furm, + 2tu2 -
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(mr+n, )
22
- (nr+n4 ) - ( (mr+n, )+ (nr+n4 ) )

B= +n2+n3+n4

tu4

a

Slnce

e +n.F
n---

4

( (nr+mr)-(mr+n4) )
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